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Abstract

The purpose of this research was to investigate the feasibility of
a new concept to accelerate projectiles to hypervelocities. The concept
uses an explosive lining inside a launch tube as a reservoir of high
pressure gas that is released by the passage of a projectile. The gas
forms a stationary reservoir that maintains a relatively constant base
pressure on the projectile through a small amount of gas that travels
with the projectile.

The research has been successful in developing new methods and
techniques of applying an explosive lining to the inside of thick-walled
tubes, measuring the velocity of projectiles, measuring the internal
pressure-time characteristics and obtaining higher velocities from
lined tubes than from unlined tubes. The theoretical and experimental
studies indicate that the lined-tube concept is not subject to the velocity
limitations of the present light gas guns. The limiting factor for the
lined-tube is the ignition and reaction rate of the explosive lining.

Extensive study has been put into thin film explosives. Tests were
developed to determine burning rates, ignition and friction characteristics,

and propellant sensitivities.
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I. 1INTRODUCTION

This is the final report on the investigation of the use of propellant
liner to accelerate projectiles to hypervelocitles sponsored under Contract
No. NAS 9-6812 by the Manned Spacecraft Center of the NASA. The basic con-
cept of the Hypervelocity Launcher at Texas A&M University is to maintain
pressure on the base of the projectile for the entire length of the launch
tube. The pressure 1is maintained by providing constant energy per unit
length along a launch tube, derived from a rapid reacting propellant
lining the inside of the launch tube, The passage of the projectile ignites
the propellant lining, which generates high pressure in the reservoir. The
accelerating reservoir in contact with the base of the projectile will
maintain an acceleration of the projectile for the entire length of the

tube.

Purpose of Hypervelocity Research

There are three important areas of study resulting from hypervelocity
research. The first area requires simulation in the laboratory of relative
velocities associated with spacecraft and cosmic particles for the study of
meteorolid damage to spacecraft and defuse against warheads. The average
velocity of meteoroilds with respect to the Earth has been measured at
35.3t 0.8 Km/sec (116,000 ft/sec)l. The velocity limits of particles with
respect to the Earth lie between 11 Km/sec (36,100 ft/sec), which would be
the velocity of a particle accelerated from rest a great distance from the

Earth by the Earth's gravitational field, to 73 Km/sec (239,500 ft/sec)
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the maximum velocity for a particle in elliptical orbit about the sun®.
Relative velocities of warheads and intercepting weapons could range from
20,000 to 40,000 ft/sec.

The second area concerns accelerating aerodynamic shapes to hyper-
velocities. Apollo flights returning from the moon have demonstrated
velocities in the range of 39,000 ft/sec. It has not been possible to
study aerodynamic shapes at velocities above about 25,000 ft/sec.

The third area of study deals with high pressure physics. High
energies are associated with hypervelocity impacts, which have application

in areas relating to explosives and the application of nuclear energy.

Present Hypervelocity Status

Following World War II, 700 years after the invention of the gun, the
maximum velocity of projectiles was 10,000 ft/sec. By 1960 gram size
projectile velocities had been increased to 35,000 by the use of light
gas gun. A maximum recorded velocity of 54,000 ft/sec was achieved by
Wenzel and Gehring of General Motors, who accelerated projectile fragments,
weighing .08 grams, by shaped charges. Since 1960 the maximum velocity
with projectile integrity has only been increased to 37,060 ft/sec for
.01 gram projectiles, achieved by NASA at Ames Research Center, April 1965.

Current laboratory facilities are based either on the shock tube
concept to obtain micro second flow of, at maximum, Mach 200 past a model or
gun principles of several types. The present status of the art can be
described by the mass-velocity graph in Figure 1 taken from a survey by
Lukasiewiz4. In the past four years no significant increases in velocity

have been achieved.
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Operational Hypervelocity Devices

The devices that are currently in operation to simulate hypervelocity
flights were discussed at length by Rodenbergers. These can be summarized
in the following catagories

Explosive Types
Shaped Charges3’6, Exploding foil gun7, Electrostatic
Accelerators8
Electrothermal Gung, Magnetohydrodynamic Rail-Type
AcceleratorlO
Magnetically Augmented Rail Gunll, a drooping square wave
linear accelerator12

A major disadvantage to all of the above approaches is that the
explosive characteristics of the device destroys any large model. Con-
sequently it is useful primarily in achieving high velocities with
fragmented projectiles for micro-sized particles. The ballistic gun-tvype
development has taken several paths. The evolution of the gas driven gun
has resulted in the current standard operations on the facility based on
the use of hydrogen gas. These light gas guns can accelerate models in a
working range of 18,000 to 25,000 ft/sec depending on the size and mass of
the model. These concepts are well understood and are limited theoretically
because of the gas dynamics sophistication in light gas guns has resulted
from the use of staging indeformable pistons. The logical extension is to
use the sabot enclosing the model as a deformable piston for its third
stage. This has been triedl3 the results provided very little improvement
over efficient two-stage guns. Another logical idea that has been inves-~
tigated is the use of a travelling charge to propel the projectile in a

rocket like fashion. The disadvantage to this system is a large mass ratio



this is required to fuel to projectile to achieve even reasonable velocity14
An obvious disadvantage to this concept is a large ratio of propellant
weight to projectile weight is required. This means that a large amount

of propellant mass must be accelerated which limits the practical velocity
that can be obtained. The major problem with light gas guns and travelling
charges that the velocities are limited has resulted the expended energy to
move the propelling gas.

The continuing search for more efficient methods that led naturally
attempts to provide an additional source of energy along the launch tube.
An early attempt at this was the Hochdurckpumpe15 in Germany. This was a
cannon size device and was unsuccessful. Another unsuccessful device was
an electrical discharge device proposed by General Electricl6. A much more
successful approach has been achieved by Physics Internation using an
explosive charge to collapse the driver section of a light gas gunl7. The
limitations to this approach are related to the limitations in detonation
velocity of explosives although there are future potential developments
that could overcome this characteristic through the use of ignition timing.
For example, an explosive lensing system was developed18 and resulted in a
successful launch of a model in July 1969 to 12.2 km/seclg. Another pro-
posed method of obtaining higher velocities was to drive in an external
conical liner into the explosive to control the ignition at a rate higher
than the detonation velocityzo. This has been used successfully in shock
tubes but successful projectile shots have not been made. Other approaches
to the problem of maintaining a constant base pressure on the projectile
have been suggested with little SuCCESSZI. The lined launch tube method
proposed by this research is an attempt to provide constant energy per

unit length along the launch tube by utilizing a liner inside the launch
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tube composed of a rapid reacting propellant. This propellant is ignited
by the passage of the projectile to provide a timing mechanism and the
radio addition of energy is accomplished through the mechanism of the gas
expanding from the rapidly burning wall. The original concept was that
the gas from the cylinderical lining would form a massless piston to drive
a small reservoir of gas attached to the base of the projectile. There is
a question whether as to such a piston would form and this is discussed
later in the report. Figure I.2 illustrates a schematic view of the

imploding gun concept.



ITI. Theoretical Considerations

Fundamentals of the Lined Tube Concept

The theory of high speed gas driven guns has been adequately presented
by Seigelzl. He developed mathematical relations for several types of
high speed guns with various reservoir conditions. Most of the operational
guns today operate on the chambered reservoir concept. Seigel shows that
the maximum achievable velocity for light gas guns is three times the speed
of sound of the driving gas. This velocity is in the order of 35,000 fps.

To improve the performance of guns Seigel recommends the constant
base pressure concept. The imploding tube concept of Physics International19
and the Lined Tube concept of Texas A&M are constant base pressure types
currently under development.

Figure II.1 illustrates the model of the Lined Tube concept. The
projectile with a velocity Up ignites the propellant. There is an ignition
delay time associated with ignition. During this delay time the projectile
moves a distance AX. At ignition the propellant releases a gas in the
radial direction. The properties of the radial imploding gas are Po’ T ,

(o]

Vx =0, Vr + The gas has zero velocity in the axial direction. There
o o

exists another region of gas bounded by the projectile, the walls of the
launch tube and the conical boundary. The gas in this region is moving
at the same velocity as the projectile, Up. The gas in this region has
no radial velocity component. At the conical boundary there is a velocity

discontinuity, however there is no pressure shock wave. The pressures in
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the two regions vary across the velocity boundary, but the pressure
distribution is continuous.

It 1s assumed that the conical boundary formed by the radial imploding
gas constitutes a massless piston, which drives the gas in the traveling
reservoir section,

To obtain a better understanding of the lined tube concept considerable
effort has been applied to theoretical studies. Ignition delay studies
were performed to determine velocity limitations. A simple mathematical
model was formulated to determine the distance required to achieve given
final velocities versus acceleration. The model was also used to determine
the pressure required to obtain the desired accelerations. A discussion
of this model is presented in the next chapter under the section entitled
"Pressure Requirements", More sophisticated mathematical models were
formulated both for one-dimensional and two-dimensional finite difference
computer model cases. These models were used for parametric studies of

parameters capable of being experimentally altered.

Velocity Limitations Due to Ignition Delay Time

One effect of the ignition lag time or distance behind the projectile
is to increase the amount of gas that must be accelerated with the
projectile. This added mass results in a reduced acceleration and
resultant velocity for a given travel. To investigate this effect, it is
agsumed that the projectile friction is negligible and that a constant
base pressure, PO, is maintained.

Using Newton's law

[V
i
= |

where F is the pressure times the area of the projectile and M is the



combined mass of the projectile and the traveling reservoir,

_ Po T D2 2
4 Mp + pVTiﬂD

)
!

. 4v _Po

dt 4M  + pVTi

TrD2

Integrating in terms of velocity

[——2- + pVT ldv -‘j P o8 de

Vo umM ty
o

1

but dt = ds
v

Therefore

Y2 4 52 ds
5 [——R + DVT ldv = f Pog
V mD 1

or

V2 M v 2 2
; [——%— + oV Ti]dV =P } ds

V1 ™ S1

Integrating and simplifying

M
3 3 p 2 2 3
\ 0T, [P g(s, - 5 2 V" =D+ vy

10

which gives the relationship of velocity to constant valves of ignition

lag time, Ty

valves:

PO = 20,000 psi

g = 32,174 1b_

b 7 2
z sec

This equation is plotted in Figure II.2 for the following



11

M =150 m
p g
= 0.250 1inch
p =1.56 1b
ft3
T, T lapse time in microseconds

Velocity Limitations Due to Constant Ignition Lag Distance

To obtain the velocity variation related to a constant ignition lag
distance Xi’ which can possibly be controlled by a mechanical igniter

system, the derivation is the same as in the previous case noting that

X, =Vor1,.
i i
dv P
a = --2Z8
dt 4M
—2 P X
2
mD

Integrating as before gives:

2p_ 2
Vo = [Gx )8, + V7]
2t eXy
D

Using the same parameters as in the previous case the equation is

plotted in Figure II.3,

Mathematical Models of thgﬁLined Tube Concept One~Dimensional Model -~ A

one-dimensional model for the computer analysis of the gas dynamic process
operative in a propellant lined launch tube has been formulated. The
differential conservation equations and boundary conditions were transformed
into a projectile oriented coodinate system since certain difficulties in
numerical computation are avoided by this technique. The resulting
equations were written in finite-difference form and programmed for the

IBM 360-65 computer.
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The propellant lined gun problem for the one-dimensional case is
basically a modified unlined gun problem which takes into account the mass
input due to burning. The choice of which form of equations to be used
in the model should then be based on its ability to handle mass injection.
Eulerian and Lagrangean forms of equations are those most commonly used
for the calculation of time dependent flow problems. Because of the problem
of keeping track of mass points due to the addition of mass from the wall,
the Lagrangean form does not lend itself well to the solution of the
propellant lined situation. The Eulerian form of equations is then the
form that is best suited in the calculations.

One major assumption is made in deriving the equations. The assumption
is that there will be an instantaneous total mixing of the gas in the tube
with the burned propellant. This is done in order to simplify the calcu-
lations and reduce the program run time.

One problem is encountered when casting the equations in finite
difference form. The problem is that finite difference methods cannot
handle calculations which involve large, local variations in the dependent
variables. The method that is used to avoid this problem is that which
is suggested by F, W, Walkerzz. This method involves altering the equations
so that the discontinuities are "blurred" into regions where all flow
variables are continuous, but rapidly changing. This procedure smooths
the discontinuity over several segments and thereby enables the finite
difference technique to handle the problem.

The coordinate system used in the model is attached to the projectile
in order to calculate accurately the base pressure on the projectile. This
means that the coordinate system is accelerating and certain inertia terms

produced which must be taken into account., This is done by deriving a
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transformation equation which converts the governing equations from
stationary laboratory coordinates to accelerating projectile coordinates,
In this way the inertia terms will be properly represented.

The assumptions made in this model are as follows:

1, The gun has an infinite reservoir at a constant pressure.

2. Boundary layer effects in the tube are negligible.

3. The projectile starts from rest at some initial displacement.

4, The region in front of the projectile is a perfect vacuum,

5. The friction drag acting on the projectile has a constant value.

6. The tube inlet conditions are assumed to be similar to a convergent

nozzle of infinite area and zero velocity.

Due to the large number of parameters associated with the propellant
lined gun, many types of cases are possible. The model, therefore, was
written in a general manner so as to be able to calculate all of these
cagses. By varying the associated parameters, one can gain insight into
such things as best projectile starting position, best propellant thickness,
and best burning rate. The various types of runs of the unlined type are
infinite chamberage gun, unchambered gun, displaced start, and traveling
reservoir, The runs 1n the lined group are constant burning rate and
pressure dependent burning rate.

The results of this program have been checked whenever possible with
established results such as those appearing in AGARDOGRAPH 91, The Theory

of High Speed Guns. However, there are many features in this program which

can not be verified directly.
Since a number of the results violate what one would intuitively
expect, certain aspects of this program were suspect. In particular, the

mathematical transformation was questionable in its ability to handle the
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burning propellant in an unsteady situation. In addition, the boundary
condition at the breech of the launch tube seemed to give results which
are experimentally unattainable. At very high burning rates, the results
indicate that the projectile base pressure remains constant or increases
which would indicate a computational difficulty in the projectile boundary
condition.

Although the one-dimensional model is capable of duplicating published
results for unlined launch tubes, the transformation of those equations
involving mass, momentum and energy addition could not be verified. There-
fore, a second program was developed which solves conservation equations
without transformation. Although the moving boundary at the projectile
causes severe errors at high velocities, this program has proved to be
invaluable in the verification of certain aspects of the program previously
described.

In order to establish confidence in this second program, a number of
results are presented here as Figures IT1.4, II.5, and 1I.6. The projectile
velocity at each point along the barrel is shown in Figure II.4 for no
burning and a finite reservoir. This result is significant for two reasons.
First, it is in agreement with the non-dimensional results produced by
Seigel in Agardograph 91. The results were obtained by assuming those
reservoir conditions which would yield a ratio of reservoir mass to
projectile mass of one (G/M = 1). Therefore, the code, with the exception
of those terms involving burning is verified. Secondly, it should be
noted that this result predicts a projectile velocity of 3000 ft/sec at
6 inches and 3500 ft/sec at 66 inches of travel. These results are in
basic agreement with the observed data obtained for unlined tubes in the

Hypervelocity Laboratory. It can be safely concluded that the cartridge
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used to launch projectile in the Hypervelocity Laboratory may be adequately
modeled as a bore sized chamber of air (y = 1.4) one inch long, with
initial pressure and temperature of 10,000 psi and 2325°R, respectively.

A second set of results are presented in Figure II.5 which tend to
lend credence to, or at least explain why, diverse opinions exist as to
the feasibility of this concept. Here the non-dimensional velocity is
shown as a function of non-dimensional projectile travel for both the
unlined tube and liners of typical rocket propellants with known properties.
Both propellants are characterized by a burning rate which is senitive to
the pressure, according to the power law:

r==>b pn

The appropriate constants are given by Huggett, et al. in Solid Propellant

Rockets, as shown in the following table:

BURNING RATE PRESSURE INDEX TEMP ERATURE
PROPELLANT (in/sec @ 2000 psi) (@ 2000 psi) (°R)
JPN Ballistite 1.02 0.73 6000
Composite A 1.95 0.45 6000

It should be noted that the addition of gases from these propellants
yields an insignificant improvement in projectile velocity.

A third set of analytical results is presented in Figure II.6. The
nondimensional velocity is shown as a function of non-dimensional projectile
travel for two different rates of mass addition, pr, and a variety of
temperatures. It is interesting to note that not only significant im-
provement may be achieved with the addition of the right propellant, but
severe degradation will result if the added gas is not sufficiently
energetic. In addition it should be noted that the rate of mass addition

will affect only the magnitude of the improvement or degradation of the
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system whereas the temperature (or energy) of the added gas relative to
the stagnation conditions already there, will determine whether or not
improvement should be anticipated.

A fourth set of results produced by the one-dimensional model indicated
that complete mixing of the burned propellant with the gas in the tube will
prevent operation of the lined tube concept. The model produced a limit
to velocity because it assumed that gas from the walls completely filled
cells each cycle. However, this is physically impossible at high velocities.

Therefore the complete mixing assumption is invalid for high velocities,

Two-Dimensional Model

In order to obtain more accurate mathematical predictions of the

process to allow parametric studies, a two-dimensional mathematical model
was developed to study the gas interaction for a short distance behind
the projectile. The model could not be used to obtain a complete launch
run because of the large amount of core storage and computing time required.
Some initial runs of the two-dimensional model at low projectile velocity
indicates the gas produced by the burning propellant can increase the base
pressure on the projectile. A sample run is shown in Figures II.7 to I11.14.
The problem starts with the burning of the propellant when the projectile
has a velocity of 3000 feet per second with a uniform field pressure of
2000 psi and a velocity equal to the projectile. The burning is assumed
to generate gas at 50,000 psi (pressure ratio of 25) with zero velocity.
The plots show the pressure ratios at various times and time planes. The
boundary indicated by 1 is the leading edge of the shock disturbance and
is indicative of the degree of blurring in the model. The plots indicate
that waves can travel from the cylinder walls to the center and back in

4 microseconds.
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Two-Dimensional Pressure Plots
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The two-dimensional model requires that an artificial dissipative or
blurring term be introduced in the mathematical scheme, This term handles
discontinuities or rapidly changing functions. The term can be used to
represent a shock in a fluid flow. Unfortunately the blurring term must
be established by the programmer, therefore the intensity of the shock
discontinuity can be varied or even obliterated. The discontinuity boundary
in the physical system is one of the extremely questionable areas and the
boundary will require a different type of mathematical model. The two-
dimensional mathematical model was very helpful in determining gas inter-
actions for short distances behind the projectile. Since the model could
not be used to represent the entire gun system more effort was put into

the study of the one-dimensional mathematical model.

Reservoir Pressure Calculations

The reservoir pressure was examined by John B. Watson, Dr. Stephen
P. Gill and Gerry Steel of Physics International. A model of the reservoir
cone was formulated for three conditions. By investigating the pressures
in the reservoir the limiting velocities could be predicted for the lined
tube concept.

Zero Mass Addition Model - The first performance model proposed is called

the zero mass addition model. In this model an assumption is made that

a volume of captive gas is bounded by the projectile and an effective piston
i1s formed by the explosive products. The effective piston is formed by a
solid wall moving radially inward at the escape velocity of the explosive
products. The choice of effective piston does not have an effect in this
model.

The following assumptions are made regarding the operation of the gun:
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1. The explosive liner initiates instantaneously at the rear of the
projectile.

2. The explosive products form a solid wall and move radially inward
at the escape speed & of the products.

3. The projectile, along with some captive gas (MB) is injected into
the system at a velocity Vo

Consider the zero mass model in Figure II.15

SOLID WALL FORMED BY
BARREL RADIUS, R N ALL FORMED
17 HIGH ENERGY PRODUCTS

PROJECTILE WITH LEXPLOSlVE LINER WITH
AREAL DENSITY, pd M ASS PER UNIT LENGTH, M

FIGURE II.15: ZERO MASS MODEL

The explosive liner is assumed to collapse to a quasi-steady state and the

captive gas is at a uniform pressure P The volume of the captive gas is

1
proportional to the projectile velocity and is given by:
R3v

i
V= 3 u

Assuming isentropic behavior of the captive gas and no gradients in the

captive volume, the pressure is given by the proportionality:

Pav/
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Therefore
Vo Y
P = P0 (V_)

Since (v a V)

v, y
P = P (\)—)

If the captive gas remains uniform during acceleration, then the motion of

the projectile is given by:

P = (pd) v g—:
Thus
v
Py G = (o) v R
Integrating
. [Po on G+ 2) Xf + VOY + 2]1/Y + 2
£ (pd)
where
Xf = barrel length
Ve = muzzle velocity

considering a typical example:
(pd) =1 gm/cm2 (a 2 gmy, 5/8 in. diameter projectile with a density of 1.4)

Yy = 1.4

v 3200 fps (injection velocity)

o

P
o

30,000 psi
See Figure II.17 which relates muzzle velocity against barrel length.

Jetting Model - The second performance model is called the jetting model.

Again the assumption of isentropic process is made. Further it is assumed
that the enthropy of the injected mass is the same as the entropy of the
original captive gas. These assumptions lead to higher performance than

can be realistically expected.
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Consider a performance model with mass input by jetting, Figure II.16,
The model assumes that the exploded propellant forms a solid mass V that

converges at a single angle upon the origin and jets upon convergence.

___—-—’—ﬂﬂffizzzfg::::;f”zél(lI/Z//h////C//,/Z//C/
\W\\\\\\\\\

FIGURE II.16: JETTING MASS MODEL

The mass input rate is approximated for the cylindrical case by the planar

case as:

1l - cos 6 v
M, = —_—— v cos 6 =
i ML 2 (vZ + 32

)1/2

where

Liner mass per unit length

e

=
I

Jet mass flux

If the captive gas is assumed isentropic:

p
- _O\Y
P Po(p)
M 3 M A
o = L. ___ou
Vo il R3 v
o

As an upper limit on the performance of the device consider all the mass of

the liner is input into the captive gas.

v ML
= ) —=xy Y
P PO " 1+ ]% )

Inserting this in

dv
P = (pd) v dx
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and integrating

Va2 Po\)oYM_o[(l+in)Y+l-1]+vy+2}1/<Y+2)

f y+1 (pd) M'L Mo o
Consider the following example:
(pd) =1 gm/cm2
vy = 1.4

v, = 3200 fps
P0 = 30,000 psi
Mb = 0.2 (typical amount of gas injected by first stage cycle)

ML = 0.01

See Figure II.17 which relates muzzle velocity against barrel length.

Mass Input Due to Traveling Charge Model - The third performance

model presented is for a mass input caused by the decomposition of the
propellant attached to the base of a projectile.

Assume one half of the projectile is propellant that is released at a
constant rate over time tr. The volume of captive gas is made up of a

volume of initially injected gas, Vg’ plus a volume of propellant products,

V.
P
V=V +V
g P
P .1/-
Vg =V (=) / Yg
g P
(o} o
- P 1/-y
Vp =V, (P ) p
o o
where

P -~ the mixture pressure

P0 - the reference pressure and the initial pressure of the injected
gas
Vg - volume of injected gas at time = 0, when Po is injection P
o
v -fLt v - is a volume of gas at Pl
P, tr pp



30

tr - total release time

v - volume of propellant initially in the projectile

P

Py

f - expansion factor to reach reference pressure PO
Y, = Y, =Y - all gas constants are equal for simplicity

g P
Using the above definitions

y Y =P ( Y )Y
f

g IRY
T3 A
u
substituting
3ty by
vo t ppo
P=P (—+ )
© 3
mR v
Using
dv
P = (pd) at

and integrating between 0 and tr and between v, and V¢ one obtains

3

m™RT t P \Y
= ro PP ALY + 1 y+1
ve = {33 v h el + 2_2_751119 v, o Yt L,1/(y + 1)

o m R
Congsider the example
R = .312 inches

P = 30,000 psi

o)
f=25
\' =7 R2 2
PP,

£ = ,197 inches

=l

= 9,600 ft/sec
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(pd) = 1 gm/cm?

3200 ft/sec

it

\Y
o]

Yy = 1.4

See Figure II.17 which relates muzzle velocity with barrel length.

Discussion of Reservoir Pressure Models

The zero mass addition model is clearly not a constant base pressure
gun (p a v 7). To obtain real hypervelocities at relatively low base pres-
sures, mass addition will be required.

The jetting model shows that very high velocities are predicted. How-
ever, Watson and Steel feel that jetting significant amounts of mass into
the captive gas would be too much to hope for as only a very small fraction
(which decreases with increasing velocity) of the total liner mass could be
expected to jet,

The mass addition due to a traveling charge model also predicts very
high velocities. Watson comments "Perhaps some combination of mass input

by jetting and a slow burning propellant contained in the projectile will

get you into an interesting range of velocities."

General Discussion

There are several theoretical problem areas that are presently being
studied. There is the possibility of gaseous mixing across the velocity
boundary. The traveling reservoir concept would be impossible with mixing.
The solution to this problem would be to create a boundary. This could be
achieved by coating the propellant with a hard noncombustible coat. The
coat would be collapsed with the propellant ignition, thus physically
forming the velocity boundary.

The ignition delay time being too short or too long creates a problem.
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With the ignition delay too short the imploding gas collapses on the
reservoir and sucks the reservoir away from the projectile. For the case
of too long a delay the traveling reservoir becomes stretched out, thus
reducing the pressure. The ignition delay effect has been modeled and
presented previously in this section.

Preferably, the conditions in the traveling reservoir should remain
constant. There is a phenomenon associated with cylindrical implosions
known as jetting. At the center of implosion, for a cylinder this would
be the axis, the gases create extremely high pressures, which result in
a jetting action along the axis in the direction of the projectile. The
jetting action would not be harmful to the lined tube concept, because
it would be increasing the pressure in the traveling reservoir, which
would be advantageous.

The jetting action is obviously advantageous and this resulted in
searching for other reservoir pressure increasing devices. The most
advantageous one found is the traveling charge model. This basically
works on the rocket engine principle, see Figure I1.18. A slow burning
solid propellant is cast on the base of a nylon projectile. The
propellant is ignited with the initiation of motion and releases a high
energy gas into the reservoir. The mass addition in the reservoir due
to jetting and traveling charge exhaust gas is a favorable mechanism for

increasing the reservoir pressure.

PROPELLANT———j\ /r———PROJECTHE

Figure I11.18 Model of Traveling Charge Projectile
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III. Critical Parameters

The critical parameters are those variables that central the success or
failure of op2ration when the variations of the parameters exceed an acceptable
value range. The theoretical development indicates that most of the parameters
critical to tae successful operation of the hypervelocity launcher are associated
with the prop:1lant characteristics. The critical propellant parameters are the
ignition of tae propellant by the passage of the projectile, the rate at which
the propellan: generates gas and the volume of gas released. More specifically
the propellan: parameters can be distinguished as ignition delay time, propellant
burn rate, gas volume and the associated pressure. Other critical parameters
that have app:ared as a result of experimental tests are propellant lining
characteristi:s, such as smoothness and hardness, and the gas seal that the pro-
jectile makes with the sides of the cylindrical walls.

The firs: estimates of required propellant thicknesses were in the 5 to 15
mil (.C05 to .015 inches) range. These are classified as thin films in pro-
pellant and etplosive literature. Very few studies of explosives in thin films
have been mad: because the prime use of explosives is for large energy applications.
One source of thin film explosive studies was the experiments using PETN
reported by Bowden and Yoffe23. Other experiments were conducted by Flagg24
with lead oziie.

Tre desized characteristics of the explosive film are that the low energy
input ¢f the »>rojectile friction not ignite it, but an ignition system moving
with tte proj:actile supplies sufficient energy to generate an ignition in
microseconds. The tests reported by Bowden, Yoffe and Flagg seemed to indicate
that secondar; explosives would be desired. However, comments by Bowden and

Yoffe were:
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The speed with which a burning propellant spreads in a thin film

depends on a number of factors. The heat of reaction is, of course,

one of the most important. The intensity of the igniting source, the
degree of confinement, the surrounding gas pressure, the thermal

constants and the size of the solid film all affect the burning speed.

The structure and decomposition mechanism must also be taken into account.

Burning Rates

Propellant burning rate is important to the operation of the hypervelocity
launcher, because gas must be added behind the projectile very rapidly. This
research has developed propellants with burning rates between previously known
values of deflagration and detonation and has shown that the speed of burning
can be altered dramatically by the thickness of the film and the type binding
agent or filmogen used. These properties are discussed more fully in Appendix
A,

In order to bond the propellant to the walls of the launch tube, the use of
a filmogen introduces the effect of such agents on the ignition and detonation
properties of the explosive. According to Bowden and Yoffe23 the burning speed
of a film can be altered by coating the crystals with very thin layers of inert
liquids and solids. They state that dilutents can both increase and decrease
the velocity of detonation depending on the nature of the dilutent, and in the
case of solid additives, on the particle size and density. The current pro-
pellant investigations have shown that nitrocellulose will inhibit both burning

and detonation. On the other hand polyvinylchloride will support deflagration.

Ignition Time

Another property of the propellant that must be controlled in order to
provide proper operation of the hypervelocity launcher is the ignition time.
It 1s desired to ignite the propellant as close to the base of the projectile

as possible always keeping the reaction behind the base of the projectile. Some
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of the possible initiation methods that are applicable to the hypervelocity

launcher are described by Bowden and Yoffe23.

Initiation By Heat - This is the simplest way of initiating an explosion.

An explosion can result when heat is liberated by reaction at a greater rate
than heat is lost. From a knowledge of the mechanism of decomposition, and of
parameters such as the heat of reaction, energy of activation, and thermal
conductivity, it is possible to estimate the size of the small nucleus of
decomposition or '"hot spot' required for the growth of the reaction to explosion.

Initiation By Shock -~ The sensitivity of explosive materials to shock is a

well-known phenomenon. An explosion may be brought about by impact or friction
and the conditions which determine the incidence of explosion are fairly well
established. That is to say the mechanical energy of the impact or of the
rubbing must first of all be degraded into heat to give a "hot spot' of
suitable size and temperature within the material. Hot spots may result from
the adiabatic compression and heating of enclosed gas spaced or from frictional
heating during the rubbing of solid surfaces. There is little evidence for a
direct "tribo-chemical" break-up of the molecules during impact or friction.
The time required for ignition of the explosive was considered to be a
major problem area at the first of the research effort. Conversations with
personnel at ordnance research laboratories all expressed the opinion that
because ignition is a thermal phenomenon heating of the material and the chemical
reaction would cause a delay that could be several hundred microseconds. The
data presented by Cook25 shows minimum time lags of 40 and 45 microseconds for
PETN and RDX subjected to impact initiation. Bowden and Yoffe23 state that for
a liquid such as nitroglycerin time delays of the order 0-20 microseconds are
observed between impact and explosion due to the adiabatic compression of

trapped gas. With solids such as PETN and RDX and primary explosives such as
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lead ozide they report time delays of 60-145 microseconds, attributing this
delay to the time for compressing the solid film,

Davisz6, in referring to the difficulty in igniting ammonium nitrate,
states that other explosive liquids or solids, such as liquid or solid DNT,
INT, or TNX, nitroglycerine, nitrostarch, or nitrocellulose may be used to
sensitize the ammonium nitrate and to make the mixture more easily detonated
by a blasting cap. Non-explosive combustible materials, such as rosins, coal,
sulfur, cereal meal, and paraffin, also work as a sensitizer for ammoni um
nitrate.

Unfortunately no tests have been found on ignition time of thin film
explosives under friction ignition devices although such a test is standard
for examining explosive sensitivities for safety requirements. If the ignition
delay exceeds ten microseconds it is conceivable that the projectile could be
used as the source of friction. To test this hypothesis, projectiles made
of steel aluminum and wood were fired early in the program and resulted in
firing the propellant liner ahead of the projectile. It is assumed that the
ignition occured in the annulus restraining the projectile and allowing the
combustion to move ahead. The nylon projectiles did not fire ahead and were
used for the remainder of the experiments.

The projectile and propellant combination must be selected so that the pro—
jectile friction does not provide enough energy to ignite the propellant. If
the propellant were ignited by the projectile the delay time would be so short
that detonation would occur next to the projectile thereby destroying it. How-
ever, the possibility exists of providing a constant delay distance behind the
projectile by attaching a mechanical or thermal device to the base of the
projectile that will supply the necessary energy to ignite the propellant.

Several possible designs are presented in the next section.
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Propellant Lining Characteristics

An important factor in the development of the hypervelocity launcher is to
apply uniform smooth layers of propellant to the inner surface of the cylindrical
launch tubes. One important result of the test shots was that when a rough spot
resulted from the coating operation this generally resulted in a firing of the
lining ahead of the projectile. Attempts to patch or repailr the lining when it
pulled loose from the walls were not successful. It was concluded that any
flaws whatsoever in the lining is adequate reason to remove the lining and recoat
the tube.

The hardness of the propellant is another important characteristic of the
lining. If the propellant is nct adequately hardened the projectile will scrap
it off the launch tube walls. The energy the projectile imparts to the pro-

pellant scraps off the propellant instead of igniting it,

Gas Seal

The gas seal between the projectile and the launch tube walls is required to
contain the traveling reservoir behind the projectile. The clearance between
the projectile and the launch tube wall is a critical parameter.

Theoretically a small clearance is required because the diameter of the
projectile will expand during acceleration. The frictional forces act aft
and the base pressure acts forward creating compression in the projectile, thus
increasing its diameter.

It was found by trial and error that 2 to 4 mils clearance was adequate to
account for expansion and maintain the required gas seal.

To facilitate a flexible gas seal a conical recess was cut into the base of
the projectile. This created a lip on the projectile which was very flexible.
The 1lip expanded for the gas seal, but did not produce excessive frictional drag.

For more complex projectile designs, such as, the traveling charge and
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mechanical igniters, a lip was machined on the aft end of the head of the

projectile, which performed the function of the gas seal.
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IV. Critical Design Features

The critical design features differ from the critical parameters in
that they can be controlled through proper design. Laboratory experi-
mentation has revealed two critical design areas. The first is projectile
design which can be subdivided into more specific features, such as,
material, strength, length to diameter (L/D) ratio, gas seal, and igniter
system. The second area is that of the propellant characteristics.
Specifically ignition, burn rate, pressure producing capability, thickness,
smoothness, hardness and coating techniques. Other areas related to
propellant design are ignition testing, burn rate testing and friction

testing.

Projectile Design

One of the critical parameters for obtaining maximum velocity is the
mass of the projectile. This was kept as small as possible by using low
density material. Based on the experience of previous investigators,
nylon was chosen as the basic projectile material although the ignition
characteristics of aluminum, steel, hard plastics and wood were inves-
tigated. For the chlorate and perchlorate base propellants containing
powdered glass it was found that aluminum, steel, wood and certain hard
plastics would cause ignition, while nylon and teflon would not. The
preliminary experiments were made with a projectile configuration shown
in Figure I[V-1. The conical recess in the base was provided In order to

both reduce the weight and provide better flexibility for gas sealing.



Figure IV.1 Conical Base Projectile (Left)
Flat Base Projectile (Right)
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Because the original concept was based on using the projectile as a
friction igniter of the lining, several tests were made using aluminum,
wood and plastic projectiles. In one of the first tests with an
aluminum projectile, the tube fired ahead of the projectile and forced
it backwards where it lodged against the breech of the velocity initiator
with very little damage. Microscopic examination revealed a deep pit
near the nose of the projectile where it is tangent to the wall. Other
aluminum projectiles as well as the wooden and acrylic plastic pro-
jectiles were destroyed with only small particles found in the impact
tank. It was thus concluded that these projectiles cause pre-ignition.
Nylon was selected as the best material obtainable from the standpoint
of low friction and high strength.

The design of the projectile length to diameter ratio was a required
consideration. The required L/D ratio was found to be greater than one.

A ratio of greater than one restricted projectile wobble and prevented the
projectile from tumbling.

Projectile strength was important because of the high stresses due
to acceleration. The solid nylon projectiles were of sufficient strength
to remain intact, However, attachment of thermal and mechanical igniters
to the nylon head required careful design to fulfill the necessary structural
considerations.

The design of the projectile gas seal was mentioned in the previous
section. Briefly, it was found that 2 to 4 mils clearance was necessary
and a lip on the aft of the projectile produced an adequate gas seal.

The ignition of the propellant at the nose tangency of the projectile
led to the concept of an igniter afterbody attached to a non-igniting
forebody. Nylon projectiles were used with various materials and

geometric configurations attached to the base. An aluminum plug was glued
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to the nylon projectile, but the aluminum broke loose at the glue line.
In order to better attach the aluminum to the nylon, several configurations
were tried in which the aluminum was made with a stem that was inserted
through the nylon. When this was fired the aluminum pulled out, allowing
the gases to vent through the resulting hole. Another configuration
consisted of a number of small wires extending from the base of the
projectile and bent to form a brush type of contact with the walls. Several
configurations of holes, adhesives and wire shapes were used trying to
prevent the separation of the wires during launch. However, none were
successful,

Thermal Igniter - Two approaches were taken to solve the problem

of using the projectile to ignite the propellant but keep the burning
behind the projectile. One approach was the thermal igniter. The idea
was to use a traveling charge as a heat pulse to ignite the propellant.
The projectile shown in Figure 1V-2 is a thermal igniter. An igniter
composed of black powder bonded with nitrocellulose is cast around the
stem. Attempts to bond the traveling charge to the conical projectile
base proved futile. The stem configuration proved more feasible.
Several shots resulted in the stem being broken off by either the
acceleration stresses or the more probable result of the burning of the
traveling charge producing a high pressure between the base of the
projectile and the charge which broke the stem. This is the type of
failure that occurs in solid rocket propellant grains that are not
properly bonded to the case.

The formulations of the black powder and nitrocellulose used methyl
ethyl ketone as a solvent and frequently would shrink away from the
projectile in addition to developing large internal voids. Improvement

in the charge integrity was made by using less solvent and by using



Figure IV.2 Thermal Igniter

Figure IV.3 Recovered Thermal Igniter
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Pressure to force the mixture into the mold. Other propellant mixtures
were used in the traveling charge such as, potassium nitrate, McCormick-
Selph 164 and nitrocellulose. The various mixtures tried did not result
in significant improvements in igniting the propellant lining,.

The igniter is fired by the cartridge., A recovered thermal igniter
is shown in Figure 1V-3. Consultation with the Director of the Thermo-
dynamics Research Center at Texas A&M University resulted in the belief
that the heat pulse of a traveling charge is probably insufficient to
provide ignition without delay. An added advantage to the thermal igniter
is that it supplies some gas on the base of the pProjectile moving at
projectile speeds. It is continuously adding gas to the traveling
reservoir,

Mechanical Igniter - Since the thermal igniter was thought to have

a long ignition delay time and previous friction tests had indicated
immediate ignition, it was decided to develop a projectile that would
have a nylon forebody, as a gas seal, and to attach a metallic afterbody
that would fire the propellant by friction.

Several of the configurations that have been tested are shown in
Figure IV-4. A nylon projectile, a traveling charge and three projectiles
using friction rings are shown. The designs were selected for their
vibrational characteristics. Cantilever strikers were originally
suggested, but analysis of the vibrational modes indicated that the end
of the cantilever would swing away from the surface and the natural
frequency would carry it back so that it would strike once every foot if
the projectile was traveling at 10,000 feet per second. The ring con-
figuration with its very high natural frequencies and limited deflection

characteristics provide constant contact and ignition.



Figure IV.4 Various Projectile

Designs
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The problem with this type of igniter is the structural failure of

the attachment. Subsequent analysis indicated that better geometry could
improve the strength but it is still stressed near the maximium stress of
the material.

A search for better designs led to the configurations shown in
Figure IV-5. These three designs indicated by analysis that they were
stronger structurally. The concept was to use metal pins or staples as
friction igniters and relieve the plastic afterbody to allow gas to flow
to prevent the creation of high pressure in the annulus that might cause
the propellant to flash forward ahead of the projectile. The three
designs were fired in numerous tests. The configuration of Figure [V-5B
proved most satisfactory. The pins of Figure IV-5C would wear down or
break, or pull out of the hole. The design of Figure IV-5A proved
difficult to manufacture although several were made.

Conclusion - The present status of the projectile design indicates
the staple configuration to be the best. It has been suggested that a
combination of the staple design and the thermal igniter be tried since
both have distinct advantages. No attempt has been made as of yet to

manufacture this type.

Propellant Requirements

The propellant used in the launch tube will have to meet certain
specifications:
1. The propellant will have to be of a form to facilitate easy
coating on the inner surface of the launch tube.
2. The coating must dry to be a smooth, uniform and continuous

layer the entire length of the launch tube.
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3. The constituents of the propellant will have to lend themselves

to being mixed together and being stored for a period of time.

4. The propellant must produce a large volume of gas for a small

volume in solid form.

5. The production of the gas should be fast and efficient.

The ignition of the propellant must be accomplished by some method,
which will initiate within microseconds after the projectile has passed
over the reaction point. As a result the propellant could be ignited by
the friction of the passing projectile or by some chemical, mechanical,
or thermal igniter trailing the projectile.

The ideal characteristics of a propellant would be one that burns
very rapidly without detonating. The rapid burning allows a rapid
production of gas but without the problems associated with a detonation.

A material which detonates not only produces a high pressure spike which
causes structural damage to the tube walls but also can propagate ahead

of the projectile if the projectile speed is slower than the detonation
velocity. No previous literature had reported on materials that had

burning rates bhetween the slow speed deflagration or high rates associated
with detonation. Propellants for the hypervelocity gun were developed

with burning rates ranging from a 100 to 10,000 inches per second. The
burning rate tests were accomplished after the end of the contract period
but the report was delayed in order to include the results since this work
was initiated under NASA funding. Testing was accomplished at two pressures.
Atmospheric testing was used to develop the testing procedure and the
initial formulations of propellant. Because some tests with this propellant,
used in a rocket fuel, had indicated great reductions in burning rate under
a vacuum and because the lining is subjected to a vacuum prior to the

passage of the projectile, tests were also accomplished under vacuum
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conditions. The results of these tests indicated little or no change in
burning rate as a function of the pressure change from atmospheric to
vacuum regardless of the oxidizer system used. These tests have proven
that high burning rate propellants can be developed and that this
requirement for the operation of the hypervelocity launcher has been met.
A complete report on the results of the propellant testing are included
in Appendix A.

Experimental test apparatus was built to test various features of
propellants, such as, impact sensitivity, friction sensitivity, heat
sensitivity, and burning characteristic, which includes, continuity of
flame, complete consumption of the propellant coating, normal burn rate
and linear burn rate. Great depth of discussion is presented in Appendix A
on the test equipment and experimental results.

Appendix A discusses the effects of:

1. Percentage of binder on burn rates.

2. Percentage of fuel-oridizer on burn rates.

3. Low pressure on burn rates.

4. Propellant curing time on burn rates.

5. Top coats on burn rates.

Ignition Testing -~ A friction testing device, discussed in the next

section, was devised to study ignition. The propellant is coated on a
plexiglass disc attached to an electric motor. The propellant is ignited

by a simulated projectile held by a rocker arm and contacts the rotating

disc with a known force. A high speed camera focused on the contact point

and on a mirror, which reflects the view of the contact point on the

opposite side of the plexiglass disc, photographs the ignition characteristics

of the propellant. A film strip from a typical test is illustrated in
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Figure IV-6. The camera shutter was open 67 microseconds with a frame
speed of 250 microseconds for this test. Interpretation of these frames
indicates that the propellant is igniting, so that it ignites both ahead
and behind the striker and that it is occuring in less than 67 microseconds.
This is the maximum time because neither the proceeding or subsequent

frame has any burning recorded. Although the test was run at room
temperature and pressure, the results should not be greatly different than
for the propellant in the tube which is at room temperature and a vacuum
when the projectile contacts it. The maximum veloeity of this device was
in the order of magnitude of 100 inches per second. Typical gun velocities,
greater than 3,000 ft/sec or 36,000 in/sec can not be obtained with this
concept.

Friction Testing - Since the coefficient of friction and the friction

characteristics of the propellant were unknown a friction testing device
was built. The device consisted of a plexiglass disc attached to an
electric motor. A band of propellant was coated on the surface of the disc.
An arm supporting a simulated projectile surface was then used to apply a
controlled pressure to the propellant. Strain gages attached to the arm
were used to determine the perpendicular and tangential forces applied to
the propellant by the simulated projectile.

Through high speed photography it was hoped to examine the characteristics
of ignition and burning rate. The camera was focused on the striker and a
mirror that reflects the view seen through the plexiglass. The result
were previously discussed under ignition tests.

The electric motor produced a maximum tangential velocity of 250 feet
per second on the outer edge of the disc. Using a higher RPM motor and a
large diameter disc to yield greater tangential velocities was not

considered feasible due to the small incremental velocity increases versus
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the cost of the motor and structural capabilities of the plexiglass disc.
Therefore, the coefficient of friction of various propellants was measured
up to a velocity of 250 feet per second. The static coefficient of
friction was measured first for various propellant mixtures. Then the
disc was rotated to yield incremental velocities up to 250 feet per second.
In theory the static coefficient is larger than the coefficient of friction
between two moving surfaces. The coefficient should decrease parabolically
to some asymptotic value provided there is constant contact between the
two surfaces. The test data obtained matched this general description.
The coefficient became asymptotic before the velocity between the simulated
projectile and the propellant reached 250 feet per second. Since the
velocity of the projectile in the launch tube could not be simulated, the
coefficient of friction for velocities higher than 250 feet per second
could not be determined, therefore the value of the coefficient of friction
for projectile velocities was assumed to be approximately the asymptotic

value obtained at the velocity of 250 feet per second.
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V. Experimental Studies

The philosophy of the experimental studies was to advance the work in
the laboratory along with the theoretical study. This approach was
justified because of the great number of unknown parameters and propellant
characteristics. Propellant testing and diagnostic equipment was developed
to fill in the voids left by the theory. Very little has been written in
the literature about thin film propellants, thus much time and effort was
devoted to propellant testing, as described in the previous section, The
diagnostic equipment was developed to aid in the study of the reaction
within the launch tube. The projectile velocity measuring system could

also be classified as part of the diagnostic equipment.

Diagnostic Equipment

Velocity Measuring System - For developmental studies an inexpensive

accurate system of velocity measurement was desired that would also indicate
projectile integrity. For these reasons a ballistic paper device was
developed. Circuits were designed to provide the response time required

for accurate measurements and are shown in Appendix B. The basic
consideration was to eliminate capacitance from the circuits in order

to reduce the RC time delay to a minimum. Three ballistic paper stations
were used. The first station was used to trigger the oscilloscope and

the other two stations were connected as switches to separate 6 volt
batteries in order to indicate large voltage changes when the switches

were opened,
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For the preliminary tests it was considered necessary to use an
oscilloscope to record the voltage changes in order to provide diagnostic
information. For more accurate readings an interval counter was developed
using integrated circuits in conjunction with decade frequency dividers.

The oscilloscope and the counter were used in conjunction and were
found to be quite accurate and reliable. Later the counter was used
exclusively, freeing the oscilloscope for other uses.

The ballistic paper acting as yaw indicators have provided excellent
information on projectile integrity and tumbling because the holes

exactly outline the projectile shape.

Launch Tube Pressure Studies

Strain gages were mounted on the outer surface of the hypervelocity
launch tube to obtain a relationship between the pressure development and
time due to the gas released by the rapid burning propellant on the inner
surface of the launch tubg?7VHIh the tube behaving as a transducer, the
effects of pressure, heat addition, and dynamics were measured. Through
correct interpretation of the data, the strain due to heat addition and
dynamics were separated from the data and the pressure was measured as a
function of time.

Instrumentation - In order to measure the internal pressure, strain

gages were mounted on the launch tube in the hoop direction. The launch
tube acted as a transducer, with the strain resistance changes producing
signal changes proportional to the pressure. The strain gage signal was
inherently weak, requiring the development of an amplification system.

The signal was amplified and displayed with an oscilloscope. The voltage
changes were recorded on a storage type cathode ray screen and a photograph

was taken of the trace for permanent data recording. Circuits for the
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instrumentation are presented in Appendix B.

Two types of strain gages were employed on the launch tube: A foil
type, SR-4, Type FAR-03G-12S9 and a semiconductor type, SPB2-12-10006.
The strain gages were mounted in the circumferential or hoop direction.
Two strain gages were mounted at each station to multiply the strain
readings by a factor of two for a greater amplification of the reading.
The first data station is twelve inches down the tube and designated gage
#12. A semiconductor strain gage is mounted five inches in front of gage
#12 to trigger the sweep of the oscilloscopes. The second station of the
five foot tube is forty-eight inches downstream and designated gage #48,

To amplify the voltage change out of the wheatstone bridge, a
HA702A Resistance Bridge Amplifier is used. The amplifier has desirable
characteristics for measuring the strain on the launch tube. The gain
of the amplifier is 470:1.

For data recording, three Hewlett-Packard 141A dual trace storage
Oscilloscopes were used. Three scopes were needed. One for each of the
two strain gage stations and another scope was used to relate velocity
and position of the projectile. The scopes were generally set using chopped
mode to obtain dual traces. Sweep speed was set for 0.2 em/millisecond.
The sensitivity generally was set at 0,2 volts/cm.

The strain gage circuit was calibrated both statically and electrically.
The system was statically calibrated by pressurizing a tube. The electrical
calibration was performed by paralleling resistors across the strain gages,
thus simulating the resistance change due to strain.

Experimental Tests - Tests were run using various propellants, ignition

charges, projectiles, and propellant thicknesses. A typical trace is

illustrated in Figure Vv,.1. The trace of gage #12 is the upper trace and
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begins on the reference line with zero strain. It remains zero for 120
microseconds. At this point the projectile passes gage #12 and the strain
gages react by deflecting upward 0.1 cm, which is the strain caused by the
base pressure on the projectile. With time the strain continues to
increase with increasing pressure within the tube. After 1.2 milliseconds
the thermal strain appears on the exterior surface of the tube. This is
the time that the propellant serves as an insulator between the hot gages
and the launch tube wall., The thermal strain is seen as another deflection
in the trace. The lower trace on the figure is gage #48. The strain
remains at the zero level until the passage of the projectile, at which
time the strain gages react by deflecting downward since the trace on the
oscilloscope was inverted for convenience. The oscilloscope sensitivity
was set at 0.2 volts/cm, therefore one centimeter deflection represents
100 in/in microstrain.

Figure V-1 is a pressure trace of a propellant burning in the
hypervelocity launch tube with a longitudinal burning rate of approximately
3 in/sec. Figure V-2 depicts a pressure trace of a propellant with a
burning rate of approximately 30 in/sec, or ten times that of the propellant
used in the test of Figure V-1l. The pressure development is a function of
the burning rate, therefore the time required to reach maximum pressure
is longer for the slower burning propellant. The required time for
pressure development can be found by considering the slopes of the strain
traces. Figure V-1 shows a jump in trace as previously discussed, whereas
in Figure V-2, the initial deflection has a curved deflection. The curved
deflection is due to the propellant igniting in front of the projectile,
thus the jump in trace due to base pressure is not seen. Considering the

slopes after the initial deflection in Figures V-1 and V-2, the results
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confirm the burning rate data. Figure V-1 shows a smaller slope with
the slower burning propellant and Figure V-2 shows a larger slope with a
faster burning propellant.

Discussion of Pressure Determination - It is feasible to use strain

gages mounted on the external surface of the launch tube to measure the
internal pressure behind the projectile. The strain recorded on the
external surface is produced by pressure, heat addition and dynamic response.
With correct interpretation the strain produced by each effect can be found.
The frequency of the dynamic strain waves will cancel themselves at
projectile velocities less than the sonic speed of the launch tube. At
greater velocities the dynamic strain must be considered. For the current
data, the dynamic strain does not appear on the strain trace. The magnitude
of the thermal strain was found to be negligible during the first 1000
microseconds after the passage of the projectile where there is a slow
burning rate of the propellant. With the effects of heat addition and
dynamics eliminated from the oscilloscope data trace, the strain was assumed
to be due only to internal pressure for the first 1000 microseconds of data
recording.

The pressure data has two regions. The first is in the area of initial
strain recording. 1In this area the strain is produced by the pressure
directly behind the projectile. The initial deflection will produce a
jump in the trace for high base pressures and jump will be larger for greater
pressures. A correlation has not been established between the jump in the
data trace and the velocity of the shot due to limited test results. How-
ever, the jump in the data trace is related to the base pressure. The
gecond area begins at the point where the strain trace assumes a definite
slope. It has been found that when the slope is large it is accompanied

by a jump in trace, indicating a large base pressure. The maximum deflection
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of the strain trace in this area defines the value of ultimate pressure.
The ultimate pressure data can be used to find the gas volume produced by
the thin film propellant.

As stated, the initial deflection is produced by the pressure directly
behind the projectile. With this knowledge strain gages mounted to the
external surface can relate the position of the projectile at various times
within the launch tube. Average velocities of the projectile can be obtained
between strain gage stations.

Interpretation of data recorded on the oscilloscope can yield
information as to the ultimate base pressure on the projectile, an indication
of the burning rate of thepropellant, the distinction between a projectile
passing the station or a flame front passing the station, and the average

velocity of the projectile between stations. See Figures V-1 and V-2 for

interpretation pointers,

Figure V.1: Gage # 12 and 48 trace Figure V.2: Gage #12 and #48 trace
with 3 in/sec. burning with 30 in/sec. burning
rate propellant. rate propellant,.
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1. 1Indicates base pressure on projectile

2. Rounding of trace indicates flame front proceeded projectile

3. Low slope indicates slow burning rate propellant

4. High slope indicates high burning rate propellant

5. Distance indicates average velocity of projectile between gage #12
and #48

6. Indicates ultimate pressure behind projectile

7. Thermal spike reaching strain gage

Experimental Apparatus

Launch Tubes - The constant base pressure concept was used as a design

basis for selecting the tubing to be used for the launch tubes. A constant
base pressure of 10,000 psi was desired for the .125 caliber tubes and
20,000 psi for the .25 caliber. The propellant lining may generate higher
short time pressure as it detonates. A design pressure of 50,000 psi was
used to select the tubing thickness. A low carbon steel was chosen that
would exhibit good yield characteristics under impact loading. This should
provide a safer deformation of the tube due to overpressures rather than
the shattering that would be expected from higher strength, less ductile
steels. The .125 inch tubes were chosen from Shelby, round, seamless,
steel, mechanical tubing - cold drawn AISI-MT-1015 with a nominal inside
diameter of .122 inch and a wall thickness of .095 inch. The .25 inch
tubing was the same specification with a nominal inside diameter of .250 inch
and a .188 inch wall thickness. The steel has a tension ultimate strength
of 75,000 psi and a tension yield of 55,000 psi with a 30% elongation in a
2 inch gage length.

Launch System - The projectile is inserted in the adapter section which

connects the trigger system to the launch tube. The projectile is held in



64

place by scotch tape to provide both a vacuum seal and a low pressure
rupture disc. The initial velocity and pressure is provided by the use of
industrial type power loads containing a nitrocellulose base propellant.
Firing of the cartridge is performed by the trigger system of a .22 caliber
rifle modified to fit the adapter.

Impact Attenuation -~ The impact chamber can hold several types of

targets such as honeycomb and aluminum plates. This chamber has a vacuum
pump to reduce the pressure both in the chamber and the launch tube. The
propellant gages are discharged into the vacuum to reduce the effect of the
blast. To aid the reduction of the blast effect an expansion chamber is
attacted to the front of the impact chamber. The expansion chamber contains
a flapper valve which is deflected into the line of flight by the gages
trailing the projectile. The purpose of the valve is to protect the
velocity measuring stations in the impact chamber from the jet of gas
trailing the projectile.

In order to provide a measure of the impact energy and to provide
recovery of the projectiles, blocks of honeycomb were used. The layers
of foil act as multiple sheets to slow the projectile and capture it. The
use of 1.5 mil foil honeycomb was very effective for capturing the
projectile intact and relatively undamaged at velocities below 6,000 feet
per second. Half inch aluminum plate was also used as impact targets. In
this case the energy of the projectile could be ascertained by the depth

and diameter of the crater left in the aluminum.

Application of Propellant Lining

An important part of the research was to develop the techniques to
apply uniform smooth layers of propellant to the internal walls of the

launch tubes.
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Early attempts to build up thick layers of nitrocellulose invariably
resulted in the lifting or peeling away from the walls after five or six
coats had been applied. The thickness that could be built up with nitro-
cellulose and nitrocellulose aluminum mixtures were between .5 and 1 mil
per layer. When the thicker materials containing a larger percentage of
solids, such as the perchlorates or RDX, were applied to the tubes it was
possible to achieve 1 to 2 mils per layer. When polyrinylchloride was
used as a filmogen it was possible to achieve greater thickness per layers
and thicknesses up to 15 mils were successfully achieved.

The critical parameter in forming a smooth, uniform thickness layer
is the selection of the proper coating plug, geometry, and configuration.
Various shapes of coating plugs were tested. It was found that the most
efficient shape was a rounded nose plug. The use of a sharp pointed plug
seemed to invariably result in irregular deposition on the surface. The
diameter of the plugs were chosen to be approximately 10 mils less than
the diameter of the tube and reduced in diameter as the thickness built
up on the walls. The use of longer plugs (L/D greater than 2) were more
effective than the shorter plugs (L/D equal to 1). Apparently the longer
plug allows a more uniform flow of material around the plug resulting in a
more uniform layer on the walls of the tube.

The propellant is inserted into the tube through the use of a syringe.
The coating plug is then inserted behind the propellant and blown through
the launch tube with compressed air. The plug was found to center itself
in the tube after one or two inches of travel. Coating from opposite ends
of the tube each time smoothed the ends out adequately.

The drying process consisted of removing the solvent from the plastic
mixture. The solvents that have been used are n-butylacetate, methyl ethyl

ketone and acetone. One method of obtaining very rapid drying is to apply
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a vacuum to the tube and vacuum dry the solvent. The other is to use an

air blowing technique and flow low velocity air through the tube. Generally
the vacuum drying technique is more successful and will normally obtain a
hard finish in twenty to thirty minutes. The air drying technique usually

requires forty to sixty minutes to completely extract the solvent.

Insgection

Inspection of the launch tube is performed after each coating of
propellant. The tube 1is visually checked by shinning a 1ight through it.
It is checked for an uneven surface which would indicate peeling., Shadows
in the tube indicate a low place in thepropellant coating. Bumps or grains
of propellant are also checked, Any of the above blemishes would result in
removing the lining and beginning the coating process again., The propellant

thickness is measured after each coating with a micrometer and recorded.

Cleaning Launch Tube

Each type of propellant residue requires a different cleaning
technique. The many cleaning techniques include: ram rod and brush, ram rod
and cotton swab, swab blown by air, MEK, Butylacetate, acetone, water, rust
remover and mild acid. It was found that the best combination for cleaning
nitrocellulose basge propellants was soaking tube in MEK, ram rodding cotton
swabs through it and then blowing cotton swabs (moisten in MEK) through it.
For the polyvinylchoride basge propellants water would remove the propellant
residue, and then a few cotton swabs blown through it would finish the job.
Great care was taken in making sure no specks of residue were left in the
tube. The specks were disastorous in coating. They caused at least bumps
in the coating and generally the coating would peel at dirty spots. The

tubes were also inspected during the cleaning operation for deformation or

scares,
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VI. Experimental Results

Experimental results have indicated that high pressure can be
generated in a launch tube as a result of the ignition of the liner.
Velocities which are above those that would be achieved in an unlined
tube have been obtained.

Work on the hypervelocity accelerator was begun in the Summer of
1966. During the course of the summer months the accelerator was
designed and a prototype was built. The first system was only a test
system, however it proved the velocity could be increased by the use
of a propellant lined launch tube. Since much of the work was done
in an unknown region where theory has not been developed as yet, much
experimentation was done by trial and error. The propellant selection
was the greatest of the stumbling blocks to overcome. However, it was
decided that the only way to overcome this obstacle was through experi-~
mentation.

Experimental test shots were begun in September 1966 with a .125
caliber projectile. The initial test were unlined tubes and were used
to check out instrumentation. Velocities obtained from an unlined five
foot tube were found to be in the range of 3,200 feet per second. Several
lined shot were fired during November and December, however the instru-
mentation was faulty and unlined shots were continued until April when
the velocity instrumentation and triggering system became more dependable.
During the Summer months of 1967 many types and combinations of propellant

mixtures were tested. By the end of the summer several propellant
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mixtures were judged to be acceptable as a basis to work from in refining
the propellant compound. Those judged to be acceptable were ammonium
perchlorate and potassium nitrate base with a nitrocellulose filmogen.

The next step which was carried out through the remainder of 1967
and into 1968 was to determine what percentages to mix the ingredients
of the propellant and test additives which would increase sensitivity or
gas production. It was at this time that it was realized a greater
coating thickness was desirable, therefore the decision was made to
increase the caliber to .25 inches. This also made the manufacturing
of projectile somewhat easier. With the .125 caliber tube the greatest
coating thickness feasible was 4 mils, however with the .25 caliber,
coating thicknesses of 15 mils have been obtained.

During this time the tube coating operation was perfected and
propellant test equipment was designed. During 1968 a diagnostic system
was designed and built to determine the pressure in the launch tube
behind the projectile. It has been determined through the use of the
diagnostic system that for a 10 mil propellant thickness, pressures of
15,000 to 20,000 psi can be developed.

One of the greatest advances during 1968 was the results of the
burning rate tests. It was found that burning rate greatly depended
upon the thickness of the propellant coating. Further, it was found
that nitrocellulose retarded the burning rate of ammonium perchlorate
and potassium nitrate. A search was then begun for a better filmogen.
This was found in polyvinylchloride. This filmogen not only increased
the burning rate but also made the tube cleaning operation faster.

The burn rate test indicated when McCormick-Selph, a commercial proprietary
explosive, was added to the mixture the propellant exhibited burning

rates between slow deflagration and detonation of the previously used
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propellant. The burning rate depended upon cuoating thickness, lhowever
for 10 mils the burning rate was in the order of 1000 inches per second.

Propellant friction tests and ignition tests were also developed
during this time. These tests were not as refined as the burning race
tests and the data is somewhat rough. This is mainly due to the fact
that no precise friction or ignition test has been developed by explosive
experts.

During 1969 the greatest thrust was made in pertecting the propellant
and the design of the projectile. Many projectile designs were tried
during the course of that year. The design judged most adequate was
principally made of nylon with staples implanted in the aft portion.

The summary of test results are listed in Appendix C. Shots fired
for instrumentation check out have not been listed. The listing for

each shot gives all the pertinent information that was obtainable.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

Based on the results of the research completed to this date, it
is concluded that the propellant lined hypervelccity accelerator and the
explosively driven accelerator proposed by Physics International are the
only current research projects that have promise for providing a break-
through to achieve greater velocities than the present limited velocities
of light gas guns. The research developed methods of providing an internal
coating of a launch tube with a fast-burning gas-producing propellant and
demonstrated that these techniques could be used for laboratory experiments
very readily. A combination of binder and propellant was formulated that
would provide a rapid burning internal lining for the launch tube. The
major parameters that control the characteristics of the internal propellant
lined launch tube were identified and each parameter was controlled experi-
mentally with the exception of the friction ignition system. Because of the
experimental difficulty in obtaining relative velocities it was necessary to
test the friction ignition system using the launch tube itself. This parti-
cular part of the experiment was not adequately instrumented to directly
determine the properties. However, studies were made of the friection charac-
teristics at lower velocities.

It was determined that the satisfactory operation of the internal lined
propellant launch tube required both the ignition of the propellant immediately

behind the projectile passage and the rapid release of gas from the propellant
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lining. The initial testing did not have the rapid gas formation charac-
teristics that were developed only during the last few months of testing.
The final tests were run during a period of insufficient funding to allow
the proper instrumentation and therefore it was not determined whether the
gas pressure was adequate or whether the ignition was the reason for failing
to achieve desired velocities.

Techniques were developed for instrumentation of the launch tube that
allowed an examination of the pressure build up as the projectile passed a
given point which could be interpreted diagnostically to evaluate the
various parameters. The theoretical investigations indicated that simple
one-dimensional or two-dimensional finite difference simulation of the
launch tube was not adequate for determining the dynamics of the gas with
injection from the wall and jetting occurring at the centerline. A sim-
plified piston theory indicated that the concept had sufficient merit to
continue with development. The theoretical work also indicated the need
for a better understanding of the mixing characteristics of gas being pro-
duced at the innersurface of the launch tube.

It is recommended that this study be continued using two thrusts,

One, a better analytical model of the gasdynamic process should be developed
either by establishing the mixing characteristics of the boundary between
the gas produced from the lining or examination of the problem with a solid
thin lining that would form a definite boundary between the gas produced at
the wall and the gas in the tube of the liner. The liner approach is a
modification of the idea proposed by Physics International of an explosively

collapsed tube with the major variation resulting from the fact that the
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projectile acts as a timing device for the ignition of the propellant
reaction. The experimental research should be continued in order to
determine other parameters that are not apparent in mathematical models.
It appears to be the only way in which the velocity associated with ig-
nition can be generated in order to study the ignition phenomenon.

The purpose of this research is to provide this nation with the
capability of simulating hypervelocity. At the present time simulation
of meteoroids of greater than micron size are impossible because of the
inability to achieve meteoroid velocity. Also the study of high pressure
physics is hampered until such a capability is developed. The major ad-
vantage of the propellant lined launch tube is that it provides for a
more efficient utilization of the explosive energy within the launch tube

making the devices much more suitable for laboratory work.,
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ABSTRACT

An Investigation of the Burning Rates of Thin Films of
Some Selected Composite Propellants. (August 1970)
Miles Lee Sawyer B. S., Texas A&M University

Directed by: Dr. Charles A. Rodenberger

This paper is the presentation of the results of research done
on burn rates of thin films of some solid composite propellants
for application in the Hypervelocity Acceleration Laboratory's
propellant lined launch tube.

The chemistry of the propellants generally included a binder,
explosive materials, and oxidizer materials. Binders tested in-
cluded solvent dried nitrocellulose and polyvinyl chloride.
Suspended in these binders were mixtures of explosive materials
such as RDX, PETN, lead azide, and McCormick-Selph mononropellant
(designated as 300,104 and 510,164), and oxidizers such as ammonium
perchlorate, potassium chlorate, and potassium nitrate. The
propellants studied were in thin layers of from 0.001 inches thick
to 0.032 inches thick which were restrained on one surface and
tested at both vacuum and atmospheric pressures.

Propellant film thickness was the primary parameter investi-
gated. The effects of vacuum and atmospheric pressures, change of
oxidizers, change of binder percentage, top coats, and curing time
on the burn rates of the propellant films were also investigated.

Burn rates reported range from 10 inches per second for film
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thicknesses of less than 0.005 inches to over 10,000 inches per
second for thicknesses of 0.030 inches.

It was found that burn rates of thin films of the propellants
which were tested generally increased with propellant film thick-
ness. Propellant age, curing time, or the changing of the test
pressure from one atmosphere to a vacuum apparently had no effect
on the burn rates. Top coats of nitrocellulose and polyvinyl
chloride (in combination with aluminum dust) increased burn rates

but not substantially.



ACKNOWLEDGEMENTS

The author wishes to thank Professor A. E. Cronk and Mr. T.
A. Noyes for providing their professional guidance when needed
and Mr. W. M. Adams who provided both technical and creative
services in the development of the electronic instrumentation
for this research. A special thanks is offered to Dr. C. A.
Rodenberger not only for serving as Committee Chairman but also
for providing the author with professional guidance and an
opportunity to work and learn throughout most of his college
career.

The author would also like to acknowledge the encouragement
given him by his parents, his wife's parents and, of course,
his wife without whose help this thesis would probably not have

been written.



TABLE OF CONTENTS

BB ST RAC T ittt ittt ittt i it taeeeenonnasseesoassrononnonsesennes 111
ACKNOWLEDGEMENT S . ittt ittt i i ettt ereraneeneesceeossnennns v
TABLE OF CONTENTS .t ittt iiet e tiireeneeeennnnctorennaeneennnns V1
LIST OF TABLES .« ettt et teteeteeeeneeeearaeeranananeenannns, Tx
LIST OF FIGURES . ittt ittt i ittt ereetiaenannaans X
LIST OF SYMBOLS . . ittt ittt it i ittt ettt e eanaanenns x11
INTRODUCTION . ot ettt it s it e e ettt it ie i, 1
O T o U 1
Previous Burn Rate Research..........c..civiiiiiiiinnann. 4
Theories of Burning and Detonation...................... 5
REVIEW OF THE LITERATURE . cv ettt it it ittt ienannenoennnns 7
7= = - 1 7
Theories of Solid Propellant Burning.................... 8
Columnar Diffusion Flame Model..................... 8
General........covuunn.. b e e et 8
G o= 3 O 8
NaChbar. ..ottt i i i it e et 8
Thermal Layer Theory. ..o eee e iieiiinaenneennn 9
Crack Theory . v ittt et ettt e et eeieaenns 9
Phalanx Flame Model.......coiuiuiiiiinninnnnnnnnn. 12
Powling Model...vve ittt it ee i iee e 13
Granular Diffusion Flame Theory...........ccocuvnn.. 13

Previous Experimental Work on Burn Rates
of Solid Composite Propellants.......cceviuiinnnnennnnnn 16
Strand SPECIMENS ..ottt ittt ittt e i e ceneennns 16
Howard and Powling.......ccoiuiennnninnenannn. 16
Steinz, Stang, and Summerfield................ 17
Small column insulated delaysS................. 17
Large Cylindrical Specimens..........covuvvuvunnnn. 20
o =1 O 20
T o 4 P 21
0 TV I L3 U 21
Loose Granule and Porous Plug Specimens............ 23
Rubber Bonded Sheet Explosives..................... 24

Completely Restrained and Unrestrained »
AT 52 T T3 26

vi



Compressed Sheets. ..., 30

NS ]11111 = 2 30
PROPELLANT SELECTION. .ttt it ittt ittt et et inaenens 33
1T 0T o 33
Propellants Tested......oiiiir it iinninnnnennns 34
Nitrocellulose-Based Propellants................... 34
Polyvinyl Chloride-Based Propellants............... 37
Other Binders....coieiiiiiiiinniniii i 39
Water-based glues......coviiiiiiiniiiinennnn 39

Casein gluesS .. ve ittt ittt e, 39
EXPERIMENTAL APPARATUS AND TESTING.....vvuiiiiiiiiiinenn. 40
CT3 Y= o I PP 40
Linear Burn Rate Measurements..........coiiiinininoa... 41
Propellant Specimen......ovvueiiiiiiiinnanneennn 41
Specimen description...... ..o, 41

Specimen construction..........ovviiiiina., 42
Photodiode-Electronic System..............civv.n. 44

Test Chamber. .. oottt it ittt 51

Test ProceduresS ..o in ittt 53
Normal Vector Burn Rate Tests......coiiiiiiieinnn. 54
C1=] Y] - T O 54
Propellant Tests..eune i ettt inniiinnnnnnann.. 54
Propellant sSpecimens............covevvuiennnns 54

TeSt apparatusS. e v in i nas 54

Test procedure. vttt i 56

Test ReSUTES . it ittt i i it e e e e e 56
Impact Energy Sensitivity Test...... ..o, 57
GENEral . i i i e e e e et 57
Propellant Tests. ...t 58
Propellant SPECimeNnsS. .. ......cc.ivuneunnnnnnnn 58

Test apparatusS.. ..ottt iiainnnnn. 60

Test ResSUTES . vttt it e e iaenn 60
Comparison TesStS. v iinioneinsneneeneneennnennns 61
6o = ok 1 61

Test Description. .o viiine i iieienennnns 61
Propellant specimen........coievnieeennnnnn.. 61

Friction sensitivity........ ..o, 62

Impact sensitivity.....coveriiiiiiiiieninnnn, 62

Direct flame.... ..ottt 62
Interpretation of Test Results............oovvnat. 63

High Speed MOVIieS. .ot iiiiiiiiin it iiine s 63
EXPERIMENTAL RESULTS . in et it i ettt e ine e eaes 65

1= Y 1T=1 o= AR 65



Nitrocellulose Propellants.......ccoiiiiiniiinennnnn...
Nitrocellulose and Solvent......cov i,
Metal AdditivesS. ..ottt e e e

0D e 1 S
Addition of ExplosivesS....oveiiriininninnnnnnnn..
McCormick-Selph ExplosiveS.....cooiiiiiiiiinnannn.
Polyvinyl Chloride Propellants.......coveuvuinnnnnnun...
CTCT T o 1 P
Coating Characteristics....cvveviiininiiiinnnn..
The Effects of Low Pressures on Burn Rates.........
The Effects of Propellant Curing Time on
BUrn RatesS ... iiirii ittt it ettt aee e
The Effects of Varying Binder Content
ON BUrn RateS....vie ittt iiiiietaeitnaaneaen,
The Effects of Top Coats on Burn Rates.............
The Effects of Different Oxidizers on Burn Rates...
High Speed Movies. ..ottt it et i e i

CONCLUSIONS AND RECOMMENDATIONS . . ittt it it i e e iaes
000 Y Lot NV 1= oY 1 R
ReCommMendationsS .o vttt ettt e et

REFERENCES . oot e i e e et

84

o
&h

viii



ix

LIST OF TABLES

Table Title Page
1 Effect of Pressure on the Velocity
of Detonation of Tetryl; Density 0.9g.c.c....... 22
2 Detonation Velocities in Thin Films of

Some Inorganic Azides and Fulminates............ 27



Figure

10
11

12

13
14
15
16

LIST OF FIGURES

Title
Rice Model of Diffusion Flame.

Schematic Representation of a Two-
Dimensional Flame.

Compositional Structure of a Diffusion
Flame.

Thermal Layer Model of Combustion of a
Solid Composite Propellant .

Compositional Structure of The Phalanx
Flame Model.

Schematic Combustion Process of Anmonium
Perchlorate According to Powling .

Two Stage Granular Diffusion Flame Model
for Ammonium Perchlorate-Type Componite
Solid Propellants. Co

Propellant Burning Rates Determined Ly
Two Independent Means of Data Red: ~tion.

Partial Listing of McCormick-Selph Liplosives.
Pin Type Velocity Measuring System .
Detonation Rate of PETN Sheets

(o = 1.4, 15% natural rubber) as a

Function of Inverse Thickness.

Relation Between Detonation Velocity and
Film Thickness for Compressed Sheets of Lead
Azide. ..

Linear Burn Rate Test Specimen .

Casting a Propellant Specimen.

Finished Specimen .

Block Diagram-Photodio<e Longitudinal Burn
Rate Data System . .

Page

. 10

10

.11

12

14

. 25

. 31

. 42

. 43

. 46



Figure

17

18

19

20
21
22
23
24
25

26

27

28

29

30

31

Title

Schematic Diagram-Photodiode Signal
Conditioner. ... -

Photodiode Longitudinal Burn Rate
Data System. e e e

Instrument Tray and Photodiode Velocity
Measuring System . C e e e e e

Individual Station Qutput Signals.
Composite Signal Output.

HVL Propellant Test.

Collimation of Photodiode Line of Sight.
Linear Burn Rate Test Vacuum Chamber .

Experimental System for Measuring Normal
Vector Burning Rate.

Test Platform- Impact Energy Sens1t1v1ty
Test . . .

Burn Rate Dependence on Film Thickness-
Propellant A .

Burn Rate Dependence on Film Thickness-
Propellant B .

Effects of Top Coats on Burn Rates of
Propellant B . e e e e e e

High Speed 16mm Movie of a Film of
Propellant B Burning in a Vacuum .

Separate Frames of High Speed 16mm Movie
of the Burning of a Thin Strip of Prope]]ant
A at Atmospheric Pressure. . ..

X1

Page

. 46

. 47

.47
. 48
. 48
. 49
. 51
. 52

. 55

. 59

.75

. 76

. 78

. 80

. 81



LIST OF SYMBOLS

A,B Functions of heating rate and diffusional mixina
rate for Fenn pyrolysis rate equation.

d Propellant film thickness (FIG 11)

n Unknown parameter in Fenn pyrolysis rate
equation

p Absolute pressure (atmospheres)(FIG 5)

p.s.i.a. Pounds per square inch absolute

p.s.i.q. Pounds per square inch qauqe

r Pyrolysis rate of propellant specimen

L Linear burn rate of propellant film restrained

on one surface

A/PA Ammonia/Perchloric Acid
AL ATuminum

Atm. Atmospheres

BA Butyl Acetate

C Carbon

G Glass

HMX Cyclotetramethylenctetranitramine
L.A. Lead Azide

Mc/S McCormick-Selph

MEK Methyl Ethyl Ketone

NC Nitrocellulose

N/F Oxidizer/Fuel



x-104,x-164
PETN

PVC

RDX

ST

McCormick-Selph material 300,104 and 510,164
Pentaerythritol Tetranitrate

Polyvinyl Chloride
Cyclotrimethylenetrinitramine

Steel powder

X171



INTRODUCTION
General

The primary purpose of this study is to investigate the burning
properties of a thin film of propellant for application in an hyper-
velocity accelerator of the type described by Dr. Charles A.
Rodenberger.] This accelerator makes use of a thin Tayer of explosive
propellant for a major part of its energy input.

In the accelerator the projectile is blown into an evacuated,
propellant Tlined tube at some initial velocity. The projectile, by
either chemical or mechanical means, ignites the propellant lining as
the projectile passes over the propellant surface. The reaction of
the propellant generates high pressure gases which maintain a high
pressure against the base of the projectile and accelerates the pro-
jectile down the tube. The velocity of the projectile then is a
function of how well the projectile can utilize the energy released
by the thin film of propellant, and how fast and in what form the
propellant releases this energy.

The efficiency and successful operation of this hypervelocity
concept is very dependent on the reacting characteristics of the
propellant liner. These characteristics include ignition sensitivi-

ties and burn rates of the thin layer of propellant exposed to vacuum

The citations on the following pages follow the style of the
ATAA Journal.




conditions.

The propellant liner itself is one or more layers of a composite
propellant (oxidizer, explosive, and binder) coated onto the inner
walls of the accelerator launch tube. Therefore, it is restrained on
one surface (where it is bound to the tube wails) and free on the
opposite surface.

The required burn rates of the propellant liner have been
estimated by considering the thickness range of the propellant liner,
and the required velocity of the projectile. According to Dr.
Rodenberger]:

.To obtain some indication of the required characteristics
of the propellant the problem was examined of a propellant

.020 inches thick ignited one caliber behind a .250 inch

projectile traveling at 100,000 feet per second and with the

assumption that the reaction of the propellant was completed

in eleven calibers. This would result in a required reaction

rate for the propellant of 250 meters per second.

Therefore the required burn rates of the thin layer of pro-
pellant restrained on one side in the tube would be around 10,000
inches per second.

This burn rate range lies above the range of burn rates which
are considered to be normal deflagration rates. It also lies below
that range normally considered as detonation. Brown35 in surveying
literature and research covering the burn rate range intermediate
between deflagration and detonation has stated:

Deflagrations are burning phenomena whose propa-
gation rates are controlled by transport processes and



by chemical kinetics. They are characterized by the
dependence of the linear burning rate on the ambient
pressure, and their reaction rates are low compared

to those of detonation. In the condensed phase, pro-
pagation rates in void-free materials range from a
fraction of a centimeter per second to about 12 centi-
meters per second at 1000 p.s.i.

Detonations are reactive wave phenomena whose
propagation is controlled by shock waves. Theoretical
analyses assume that reaction rates are essentially
infinite and that chemical equilibrium is obtained.
Therefore, the actual propagation rate is considered
to be governed solely by thermodynamics and hydrodynamics.
The propagation rates of detonations are orders of
magnitude higher than those of deflagration, i.e.,
thousands of meters per second.

There is a gap of several orders of magnitude between

the propagation rates of conventional deflagrating

explosives such as black powder or double base propellants

(cm. per second) and conventional detonating explosives

such as TNT or RDX (thousands of meters per second).

It appears then that research directed toward finding a
propellant coating for the hypervelocity accelerator with burn
rates suggested by Dr. Rodenberger will also be research on
propellant burn rates which have not been previously reported for
any application.

Since this is the case, the objective of this report will be
to present experimental data on some solid composite propellants
with burn rates intermediate between deflagration and detonation.
The major emphasis will be placed on application to the propellant
1iner for the hypervelocity accelerator.

Although this report will be on experimental research, the

literature on burn rate theories will be reviewed mainly to point

out the inapplicability of these theories to intermediate burn



rates. However, some of the assumptions made for the theories may

aid in the investigation of these propellant burn rates.
Previous Burn Rate Research

There have been many studies of burn rates of composite pro-
pellants but none report burn rates in the range of 10,000 inches
per second and none of the previous research was conducted on thin
strips of propellant constrained on only one side. Some of these

previous studies include:

1. A study2 of ammonium perchlorate-based propellant in
unrestrained rectangular strands with burn rates of
from 0.01 inches per second to 3 inches per second.

2. An examination3 for particle size effects of cylindrical
samples of sodium nitrate-based flare compositions with
burn rates of about 0.2 inches per second.

3. An investigation4 for effects of strong mechanical tension
on flexible rubber sheet explosives (0.032 inches to 0.10
inches in thickness) with detonation rates in the
neighborhood of 7000 meters per second { 280,000 inches
per second).

4. An investigation5 comparing "loose-granule" tests to
"porous plug" tests using ammonium perchlorate-based
propellants enclosed in cylindrical tubes and producing
burn rates of from 0.02 inches per second to 0.14 inches
per second.

5. An investigation6 of the effects of several catalytic
surfactants on polyesobutene/ammonium perchlorate pro-
pellants with strand burn rates of from 0.26 inches per
second to 2 inches per second under pressures ranging
from 200 p.s.i.g. to 2000 p.s.i.g.

6. An 1'nvest1'gat1'on7 of compressed sheets (thickness of
from less than 0.01 centimeters to 0.05 centimeters) of
several solid explosives such as PETN, RDX, and lead
azide with detonation rates of from 1000 meters per



second (40,000 inches per second) to 5000 meters per
second (200,000 inches per second).

These previous experiments have reported on burn rates of
several types of propellant samples such as strands, solid cylinders,
and some thin films, either completely restrained or unrestrained.
There is a definite lack of information available for propellant
formulations in thin films restrained on only one surface and having
burn rates between 3 inches per second2 and detonation velocities of
40,000 inches per second.7

The research mentioned in this section and some other experi-
ments on burn rates will be reviewed more thoroughly in the lilerature

survey.
Theories of Burning and Detonation

There are several theories of propellant burning and detonation
mechanisms from which burn rate predictions are derived. These
mechanisms are discussed in detail in the literature survey. These
theories base their predictions on assumptions of the size of the
reaction zone, the mechanism of propellant decomposition and mixing,
and temperature and pressure gradients in or near the reaction zone.

The theoretical studies of propellant reactions generally
predict the effects of initial temperature and pressure on burn rates.
The theories also give a general view of the effects on non-homo-
geneity and non-uniformity of propellant composition on propellant

burning.



The burn rates predicted by these theories are for high pressure
situations. That is, most of the burn rate equations derived are only
good for pressures above several atmospheres, which are well above
the pressures of the surroundings of the propellant Tiner before
ignition. Steinz, Stang, and Summerﬁe1d2 have developed a numerical
method of predicting the burning rate of ammonium perchlorate-based
propellants for pressures below one atmosphere but it is complicated
and does not intuitively apply to any other than ammonium perchlorate-
based solid propellants.

The theoretical equations predict very lTow burn rates (less
than three inches per second) for the propellants they are derived
for. These burn rates are well below the range required in the
hypervelocity accelerator tube lining. Using the same chemical
reaction times and gas diffusion times as presented for the certain
chemical formulation in question, the pressure required for burn
rates of several hundred inches per second would be in the thousands
of atmospheres according to the equations given for burn rates.

This report will present an experimental study of thin films of
some solid composite propellants which yield burning rates in the
range from 3 inches per second to 10,000 inches per second in pres-

sures at and below one atmosphere.



REVIEW OF THE LITERATURE
General

Most literature available on solid composite propellants has
been written for application to solid rocket propellant motors. The
specimens tested have been liquids, completely restrained films, com-
pletely unrestrained specimens, relatively large solid cylindrical
specimens, and some specimens of loose constituents. Burn rates re-
corded generally fall into categories below 3 inches per second or
around detonation velocities (about 200,000 inches per second).

The theoretical research has generally centered around igniticn
characteristics or the kinetics of the reaction after ignition. This
includes studies of flame thickness, temperature, and size and
nature of the reaction zone.

Although the burn rates reported are not in a ruijo oi burn
rates required in the hypervelocity accelerator liner. the lTiterature
may yield important relations which will lead to the generation of a
fast burning propellant film. The Titeralure ma, also predict the
effects on the burning rate of the propellant liner that results from
changing from atmospheric conditions to vacuum conditions in the
propellant environment.

It will be important to note in the followina scction that both
theoretical and experimental work, with the exception of part o
Steinz, Stang, and Summerfield's researchz, is for hish pressure

“ituations (above several atmospheres) and, except fcr McCormick-



Selph's work with fuse materials, is for low deflagration rates
(below 3 inches per second) or for rates associated with detonation
(above 40,000 inches per second). This leaves a gap in the knowledge
of composite propellants which burn in the range intermediate between
deflagration and detonation, especially at pressures less than one
atmosphere. Also there is no literature available on burn rate tests

of thin films of propellants restrained on only one side.

Theories of Solid Propellant Burning

Columnar Diffusion Flame Model

General. In general this theory describes the flame of burning

propellants as one in which the fuels and oxidizers are not premixed.
It is the type of burning which occurs in the flame of a lighted
candle, in the burning of a pan of 0il in air, or in the burning of a
fuel droplet in oxygen in a rocket motor.]8 (See FIG ? and FIG 3)
Bigg;?o In 1945 Rice proposed a diffusion flame model assuming
that the flame occurred at an interface betwecn tie fuel and oxidizer
(FIG 1). Rice neglected finite reaction times andi assumed that the
flame was columnar (not layered) with respect to the propellant
surface. This model correctly predicts the effect of particle size

on the burn rate but does not predict pressure effects.2

Nachbar:ZI’22

Nachbar deveioped a simplified revision of the
diffusion flame model by assuming that the propellant specimen
consisted of layers of fuel and oxidizer. wNachbar's calculations

for burn rates are also independent of pressure.
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FIG 1
Thermal Layer Theory

23,24

This theory was first proposed by Chaiken in 1959 (FIG 4).
The original proposal was that the burn rate was linearly dependent on

pressure but was not affected by fuel type or fuel-oxidizer ratio.
24

Chaiken attempted to correct this fault

by the addition of two

variable mixing factors.
rate cannot be calculate
these two factors. The

principles but must be d

Crack Theory

Irwin, Salzman, and

oxidizer surface of soli

This complicated the problem since a burn
d without the knowledge of the values of
factors cannot be derived from fundamental

educed from experimental evidence.

Anderson25 proposed that small cracks in the

d composite propellants seriously affected the
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Thermal Layer Model of Combustion of a Solid Composite Prope]]ant23

FIG 4

burn rate. Under high pressures where the cracks might widen it was
theorized that the increased oxidizer surface area would increase

burn rates. The causes of these cracks would be the thermal stresses
due to the steep temperature gradient in the solid phase at the high

pressures. This theory has not been verified experimentally.
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Phalanx Flame Model

This model (FIG 5) proposed by Fenn

FIG 5

7

27

has a gas-phase fuel-

12

oxidant flame which exists immediately above the interface between the

solid fuel and solid oxidizer surfaces.

The flame stand-off distance is assumed to be a function of the
diffusional mixing rate and the reaction rate.

assumed to be sustained by conductive heat transfer through the gas

phase.

The burning rate equation derived is

, B

p

r
n/e

The reaction itself is
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where n is some unknown parameter which is arrived at by experiment.
The theory itself is dependent on the assumption that small
crevices exist at the interface between fuel and oxidizer. According
to Fenn, these crevices are caused by the high temperature in the
reaction zone which causes the reaction zone to "bore" into the

28

propellant surface. Hightower and Price™ have observed experimen-

tally that these crevices probably do not exist.

Powling Model

A two-phase reaction for ammonium perchlorate-based propellants

26,29 after he reviewed much of the theore-

was described by Powling
tical and experimental work in the literature (FIG 6).

The first stage according to Powling's theory is a premixed
reaction between two primary products of the decomposition of
ammonium perchlorate--ammonia and perchloric acid. The second stage
is a flame stage with an unmixed reaction between the fuel vapors and
the first stage products. Therefore, the assumption that the mixing
is diffusional plays a major rqle in this theory.

Powling's theory does not explain why fuel and oxidizer
particle size affects burn rates at low pressures. However, it does

provide a possible explanation for some of the burn rate phenomena

peculiar to propellant burning at lTow pressures.

Granular Diffusion Flame Theory

The granular diffusion flame model is a model based on the
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FIG 6

Powling theory which has previously been discussed. This model
assumes that there are three stages in the decomposition and reaction
of the composite propellant (FIG 7). The first is a solid to gas
phase where the solid propellant either sublimes from the propellant
surface or melts and then gasifies. The next two stages are the
premixed ammonia and perchloric acid reaction and the fuel-oxidant
reaction as described by Powling for an ammonium perchlorate-based
propellant.

This theory is valid in its assumptions for the 1-100 atmo-

spheres range but must be modified for low pressures. In 1969,
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Steinz, Stang, and Summerfie]d2 undertook to modify the theory to
fit sub-atmospheric burn rate data. Their distended flame theory2
takes into account the variation in surface temperature with pres-
sure.

The experimental work will be reviewed in the following section.

The data taken seems to substantiate their revised theory.

Previous Experimental Work on Burn Rates

of Solid Composite Propellants

Strand Specimens

Howard and Powligg.G These researchers have reported on burn

rates of some cylindrical strands of ammonium perchlorate-based
solid propellants. The work was done to determine the effect of
several metal catalysts on the burning rate.
A typical composite propellant tested was
89% Ammonium Perchlorate
10% Polyisobutene
0.3% Pentaerythritol Dioleate
0.4% Ethyl Oleate
.3% metal aerosol
With a catalytic surfactant of copper the resulting burn rates
ranged from 0.26 inches per second for a pressure of 2000 p.s.i.g.
to 1.25 inches per second for 2000 p.s.i.g.. These burn rates are

typical of the other burn rates reported by Howard and Powling.
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Steinz, Stang, and Summerfie]d.2 This research was done to sub-

stantiate the granular diffusion theory after Steinz, Stang, and
Summerfield had altered it to predict burning characteristics for
sub-atmospheric conditions (FIG 8).

The data taken to support their theory was from burn rate tests
of cylindrical strands of ammonium perchlorate based propellants.
The strand sizes were from 0.25 square inches in cross sectional
area to about 0.6 square inches in cross sectional area. The strands
were ignited at about 0.3 atmospheres (228 mm of mercury) and then
the pressure of the surroundings of the strand was lowered to the
desired level.

Burn rates were measured using high speed photography. The
burn rates ranged from 0.01 centimeters per second (0.004 inches per
second) to 0.2 centimeters per second (0.080 inches per second) for
pressures of from 0.006 atmospheres (4.56 millimeters of mercury)
to one atmosphere (760 millimeters of mercury).

30

Small column insulated delays. McCormick-Selph™ , a Teledyne

company , has produced a fast burning composite material for use in
small column insulated delays (fuses). This material is produced
for several different linear burn rates depending on adjustments in
its chemistry (compounds of hydrogen, boron, oxygen, and nitrogen).
A partial Tisting of the materials by numbers is found in FIG 9.
These burn rates are for open air testing of small diameter strands

(0.040 inches to 0.080 inches in diameter). Several of these
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numbered materials including McCormick-Selph 510,164 (not shown)
have burning rates in the range intermediate between deflagration
and detonation.

In normal use these strands are encased in fiberglass sleeving,
extruded plastic coatings for insulation resistance, or braid
jackets for abrasion resistance. In any case, the material is
relatively easy to handle and will adapt to several types of use

confiqurations.

Large Cylindrical Specimens

How]ett.3 Sidney Howlett, in investigating the effect of
particle size of sodium nitrate on burning rates of flare composi-
tions, tested some large cylindrically shaped specinens of fuel and
oxidizer.

The chemical composition of a typical iLest specimen was

38% (by weight) Sodium Nitrate

57% Magnesium granules

5% Laminac binder

The composition was cast in solid cylinders 1.4 inches in dia-
meter and 2 inches Tong. Burn rates were then determined by the
length of time that the flare gave off light. The assumption was
made that the flare burned in a plane parallel te the end of the
cylinder.

The cylinders with gran 16 magnesium burned in the range of

from 0.2 inches per second for a sodium nitrate particle size of 15



microns to 0.15 inches per second for sodium nitrate particle size
of 60 microns.

ggfggg,]] Gurton compared the detonation velocities of some
cylinders of hressed tetryl for several pressure levels. The
cavities that existed in the cylindrical samples were filled with

either air or methane gas as indicated in Table 1. T.N.T. and

Nitroguanidine were also tested with about the same results.
Liquids

The question concerning the mechanism of ignition by shock
of liquid propellants led to an investigation of some thin films

of liquid explosives by Baur, Cook, and Keyes.8 Some of the liquid

21

explosives included nitromethane, dithekite-13, nitromethane-ethyline

diamine, 80/20 nitromethane-tetryl, and 80/20 nitromethane trinitro-

toulene.

Burning velocity-specimen diameter curves were obtained for the

1iquids using thin walled polyethylene tubes for explosive contain-
ers. The walls of the plastic tubes were six mils thick so the
confinement of the reaction was a minimum. The liquid specimens
were set with their longitudinal axes vertical and ignited at the
upper end.

A 1ight source and a streak camera were used to record the
detonation front velocity. As the detonation front progressed down
the specimen, the light shining behind the specimen was gradually

extinguished and this change in light intensity was recorded on the



Effect of Pressure on

Table 1

the Velocity of Detonation of Tetryl;

Density 0.9 g.c.c. (after Gurton]])
Velocity of
Diameter of Pressure Gas filling detonation
tetryl cylinder (cm) (atm) voids (M.sec)
1.11 0.03 Air 1,460
1.0 Air 1,420
14.3 Methane 910
27.7 Methane failed
1.91 1.0 Air 1,700
14.3 Methane 1,890
21.0 Methane 1,450
27.7 Methane 1,330
47.7 Methane failed
2.39 1.0 Air 2.860
14.3 Methane 2,330
17.6 Methane 2,085
21.0 Methane 1,695
41.0 Methane failed

22



23

film in the streak camera. From the film the velocity was determi-
ned.

The detonation velocities recorded for nitromethane were in a
range of from 40,000 inches per second for a diameter of 2.5 centi-
meters to over 120,000 inches per second for diameters greater than
3 centimeters. For the other explosives the range was higher.
Nitromethane-trinitrotoulene detonated at 260,000 inches per second

for specimen diameters above 3 centimeters.

Loose Granule and Porous Plug Specimens

An investigation of the deflagration mechanism of ammonium
perchlorate-based composite propellants was performed by McAlevy,
Lee, Lastrina, and Sumarin5 using experimental analog techniques.
Two types of models were used in this study.

The porous plug model test consists of a porous bed of am-
monium perchlorate through which a gaseous fuel was passed and
burned at the regressing oxidizer surface. The second model was a
loose-granule burner in which the fuel and oxidizer in granular
form were mixed and then ignited.

For both models ammonium perchlorate was the oxidizer. For the
loose granule burner, polystyrene was the fuel used. For the porous
plug burner the fuel was polysulfide.

For the burn rate tests, fuel and oxidizer granules were

packed in a stainless steel tube (0.50 inches outside diameter and
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0.049 inches in wall thickness). At three points along the tube,
fuse wires which were parts of an electric circuit, were inserted.
As the burning surface of the propellant specimen reached the wires
the circuit was broken. The burn rate was then easily calculated.
For visual burn rate observations a high speed camera was used.
The propellant specimens were packed in a pyrex tube (0.57 inches,
outside diameter and 0.47 [sic, probably should be 0.047] inches
in wall thickness) for these tests.
For the porous plug tests the burn rates varied from 0.02
inches per second to 0.04 inches per second for a pressure of 15
p.s.i.a.. Burn rates for the loose granule burner were approx-

imately in the same range as for the porous plug tests.

Rubber Bonded Sheet Explosives

The effect of strong mechanical tension on detonation rates of
flexible sheet explosives was investigated in 1965 by Kegler and
Scha11.?

For this investigation rubber was used as the binder for
several explosive components including RDX, PETN, and HMX. The
greater part of the data taken was with PETN as the explosive compo-
nent. The explosive content of the sheets was normally 85% to 90%.

The burn rate measuring system was a pin system (FIG 10). As
the propellant burns an ionized gas region forms directly above the

regressing surface. As this region reaches the gap between "pin-

tip" and "ground" (this region is moving with the same velocity as



Velocity pins
/
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the regressing surface) a closed electric circuit is formed and the
detonation rate is easily calculated.

Figure 11 shows the thickness effect on the burning rate of a
PETN-containing sheet with 15% rubber. The symbol 2 (delta) repre-
sents the estimated density of the sheet in grams per cubic centi-
meter. (In this case 1.4 gm/cm3). This graph is for an un-
stretched sheet and shows detonation rates of approximately 0.75
inches. The plot also shows that the detonation rate varies

directly with the sheet thickness.

Completely Restrained and Unrestrained Thin Films

Measurements of burn rates of some thin films of propellant in
completely restrained and unrestrained configurations have been made
by Bowden and Yoffe.7 Their research was direcled toward studying
the mechanism of low velocity detonation of explosive thin filws
such as films of PETN, HMX, lead azide, and nitroglycerin.

The films of explosive were from one mil (0.001 inches) to
twenty mils (0.020 inches) in thickness. The confined specimens
were mounted between a steel plate and a glass plate. Initiation
of the burning was by hot wire. The burning rate was measured by
high speed photography.

Table 2]O shows some of the velocity measurements. The
burn rates of the confined specimens were slightly higher. Bowden

and Yoffe stated that only this low velocity detonation was ob-

served when burning initiation was by a low intensity heat source



TABLE 2

Detonation Velocities in Thin Films

of Some Inorganic Azides and Fulminateslo

Material Unconfined film Confined film
Initiated by Hot Wire | Initiated by Hot Wire
L1'N3 decomposition 900 meters/second
explosion does not "

TIN3 propagate 1,500

AgN3 1,500 meters/second | 1,700 !
Pb(N3)2 2,100 " | -e---

NaCNO 500 " 500

TICNO 1,000 " 1,250 "

AgCNO 1,700 " 1,900 "
(CuCNO) (1,100) " (1,300) "
Cd(CNO)2 1,400 " 1,800 !
Hg(CNO)2 0.05 S

such as a hot wire. The detonations of films of PETN and nitro-

glycerin are also in this Tow velocity detonation range.7

The results of the tests revealed several interesting factors

which are important in any study of burn rates of thin films.

For instance, Bowden and Yoffe noted7:

For thin films of a secondary explosive such as PETN,
about 0.1 to 0.5 mm thick, the explosion begins as a compa-
ratively slow burning which accelerates until it reaches a
speed of several hundred meters a second. When the speed ex-

27
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ceeds this value the burning passes over into a stable Tow

velocity detonation of 1000 to 2000 m. sec. A number of the

more sensitive materials behave in the same way.10 For
example, mercury fulminate ignited by a hot wire may burn

with an initial speed as low as 5 cm. sec. Lead styphnate

and the organic azides such as cyanuric triazide and

trinitrotriazido benzene also burn at a slow rate: the

value for cyanuric triazide is 6 m. sec. and for trinitro-

triazido benezene is 3 cm. sec. The inorganic azides on

the other hand do not burn but detonate very close to the

point of initiation within 10-7 sec.

The researchers pointed out that the difference in the burning
and detonation characteristics of various explosives was due to
the complexity of the material. A simple compound will decompose
much more quickly and with less energy than a complex compound.

The complex explosive decomposition may be marked by several

stages of decomposition. The complex material first breaks up into
simpler materials and then decomposes to the chemical reaction or
detonation.

The physical state of the material must also be considered.
There will be a stage of burning where the heat of reaction melts
material or causes it to sublime off the material surface. The
flame stand-off distance will be determined by whichever of these
mechanisms occurs.

Using the findings of other researchers11 as well as their own,
Bowden and Yoffe postulated that certain conditions existed for the
transition from burning to lTow velocity detonation. They stated7:

.Thus two conditions are apparently required to
transform burning into detonation; the formation of a
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suspensjon, and the possibility of the explosion of the

suspension.

The suspensionlzis a result of high pressure gases in the re-
acting region being forced into the unburned solid propellant lay-
er. As the intensity of the reaction increases, the amount of gas
forced into the propellant also increases. If the ratio of gas to
fuel particles rises to a certain level then a suspension is formed
which may explode just as coal dust suspended in air can explode.

This mechanism is dependent on pressure. According to

Bowden and Yoffe7:

.The pressure under which the burning proceeds influ-
ences this process reversely--increase of pressure hinders
the formation of a suspension but favors its explosion (due
to the increased rate of burning of the suspension). Within
some pressure interval the combination of these two factors
causes an explosion, beyond this interval no explosion occurs.

For a film of PETN, Bowden7, Ni]]iamsl3, and Gurton11 found
that at atmospheric pressures the film burn rate was around 1500
meters per second while at pressures above thirty atmospheres the
velocity decreased rapidly. At fifty atmospheres the film failed
to burn or detonate.13

Bowden and Yoffe also pointed out that the burning speed of a
film can be changed by mixing very smail quantities of inert liquids
and solids with the explosive in the film. For examp1e7:

.In the case of a mixture like gunpowder, it has

been shown that the presence of 1.2% stearic acid can
cause a retardation of 800% in the burning speed at



room Lemperature and atmospheric pressure.

Compressed Sheets

McLar‘in]4 has reported on the effect of thickness on burn
rates of some compressed sheets of lead azide. The results of his
study are shown in Figure 12.

Sheets with thickness below 0.02 centimeters (0.0078 inches)
show a steady increase in burning velocity for increase in film
thickness. The burning rate ranges from two kilometers per second
(79,000 inches per second) to five kilometers per second (180,000
inches per second) for thickness increase from 0.005 centimeters
(0.0019 inches) to 0.02 centimeters. At this thickness the burn
rate levels off at about 5.5 kilometers per second (200,000 inches
per second).

The experimental points are shown in the small circles in
Figure 12. The line represents a theoretical calculation based on
the expanding jet hydrodynamic theory developed by JoneslS. This
theory is based upon the assumption that the reacting gases in the
burning of a condensed explosive expand and that the reaction takes
place during the expansion. Therefore some of the reaction would
take place at a lower effective density of explosive material

(a “suspension"12 of different density).
Summary

Bowden and Yoffe/have stated:
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The speed with which a burning spreads in a thin film
depends on a number of factors. The heat of reaction of
course, is one of the most important. The intensity of the

igniting source, the degree o1 confinement, the surrounding
gas pressure, the thermal constants and the size of the16 17
solid film all affect the burning speed. The structure ™’
and decomposition mechanism must also be taken into account.
This summarizes the factors which are covered in the theoret-
ical and experimental work done in the propellant area on burn

rates. In studying propellants for burning mechanism there have

1150 been some burn rate studies on thin fiims. However, these
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thin films were either completely confined or unconfined and con-
sisted almost entirely of films of explosive being tested at det-
onation levels. No work on thin films restrained on only one side
and made up of a composite propellant has been reported.

Also, the theories on burn rates and detonation rates have
been developed to fit data taken at high pressures (above several
atmospheres). Even Stienz, Stang, and Summerfie]d'52 low pressure
pyrolysis rate equations were derived by revising the granular
diffusion theory for high pressure burning rates of ammonium
perchlorate based propellants.

The prediction of the effects of low pressures {one atmos-
phere and below) on the burning of thin films of composite
propellants with burn rates in the range intermediate hetween
deflanration and detonation cannot be made from the Titeraturc
just reviewed. Nor can a prediction of the effects of restrain-
ing one surface of the films being tested be made.

The research described in the following section will be
directed toward "filling the gap" on the knowledge of some com-
posite propellants which burn in the range between deflagration
and detonation. It will also give results of the testing of those
composite propellants in thin films restrained on one side and

burned in surroundings of one atmosphere and less.
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PROPELLANT SELECTION

General

The selection of the composite propellants to be tested in this

research was dependent mainly on factors relating to the propellants

use in the hypervelocity accelerator tube lining. The propellant

used in the hypervelocity accelerator will have to meet certain re-

quirements.

1.

The propellant will have to be in a form so as to be coated
easily on the inner surface of a steel tube.

The coating of propellant will have to be smooth and uni-
form down the length of the tube.

The constituents of the propellant will have to lend them-
selves to being mixed together and stored for short periods
of time.

The propellant constituents will have to produce a large
amount of gas for a small initial volume in solid form.

The production of the gas should be fast and efficient.

The ignition of the propellant will have to be accomplished by

some method which would cause the burning or detonation to be ini-

tiated soon after the projectile passed over the reaction point.

This means the propellant could be ignited by the friction of the

projectile or by some chemical or mechanical igniter trailing the

projectile.

These are relatively Tow intensity energy sources for ignition.

A repeatable, low intensity source for propellant testing is a hot

wire.

Although tests for the sensitivity of the propellants inves-



tigated were conducted using impact test devices and friction test
devices, the burn rate studies were conducted using a hot wire ig-
nition system. The propellant, therefore, had to be sensitive
enough so that burning could be initiated by a hot wire.

Due to the lack of literature on materials demonstrating burn

rates in the range of interest (3 inches per second to 40,000 inches

per second) the selection of propellants was largely by informed
guess. High gas producing, quick reacting explosives were combined
with active oxidizers and suspended in a paint-like carrier. The
resulting material was coated on metal coupons and tested for im-
pact sensitivity, friction sensitivity, heat sensitivity, and
burning characteristics such as continuity of flame, complete con-
sumption of the propellant coating, and, of course, linear burn
rate. A more detailed description of tests and test procedures is
given in kxperimental Apparatus.

After comparing these characteristics of a certain propellant
and also comparing lined shots in the hypervelocity accelerator
if they were made, a new variation of the propellant was prepared

if suqgested by the tests.
Propellants Tested

Nitrocellulose-Based Propellants

Many fuels and explosives were investigated in this research.

Lome were tested as propellants by themselves as well as in com-

34
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posite propellants with oxidizers and/or metal additives.

The first propellant formulation tested consisted of nitrocellu-
lose dissolved in eijther methyl ethyl ketone or butyl acetate
(commercial solvents). This was a simple propellant in that it was
made up of only two constituents and formed a hard thin coating when
painted on the steel walls of the hypervelocity accelerator tube.

The nitrocellulose propellant was tested extensively. It was
determined that this formulation was either not igniting properly by
the friction of the projectile or was being ignited by a flame front
behind the projectile. The flame front behind the projectile is from
the commercial loaded .22 caliber charge used to give the projectile
an initial velocity before entering the lined accelerator tube.

This formulation was a good carrier, however, and instead of di<-
carding the nitrocellulose propellant, several variations were tricd.

Using the nitrocellulose as a filmogen several other chemical,

and combinations of chemicals were tested. These included:

1. Aluminum

2. Aluminum, glass

3. Black powder

4. Black powder, aluminum

5. Potassium chlorate

6. Potassium chlorate, black powder
/. Potassium chlorate, glass

8. Potassium chlorate, glass, aluminum



10.
11.
12.
13.
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.

Potassium
Potassium
Potassium
Potassium
Potassium
Potassium
Potassium
Potassium
Selph 300
Ammonium
Ammonium
Ammonium
Ammon ium
Ammon i um
Ammon ium
Ammoniium
Ammonium
Ammonium
Ammonium
Ammonium
Ammoni um
Ammonium
glass
Ammonium

Ammonium

chlorate,
chlorate,
chlorate,
chlorate,
chlorate,
chlorate,
chlorate,
chlorate,

,104

perchlorate

perchlorate,
perchiorate,
perchlorate,
perchlorate,
perchlorate,
perchlorate,
perchlorate,
perchlorate,
perchlorate,
perchlorate,
perchlorate,

perchlorate,

perchlorate,

perchlorate,

glass, steel powder
glass, black powder
carbon

carbon, glass

zinc oxide, sand
carbon, sulphur

glass, aluminum, carbon

lead azide, aluminum, glass, McCormick-

aluminum

black powder

glass

bTack powder, glass
black powder, aluminum
aluminum, glass

steel powder

steel powder, glass
RDX, aluminum
McCormick-Selph 510,164
McCormick-Selph 300,104, aluminum

McCormick-Selph 300,104, aluminum,

McCormick-Selph 300,104, glass

aluminum, McCormick-Selph 510,164
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32.  Ammonium perchlorate, aluminum, glass, McCormick-Selph
510,164

33. RDX

34. RDX, glass

35. RDX, aluminum

36. RDX, aluminum, glass

37. RDX, 2luminum, sand

38. RDX, sand

39. PETN

40. PETN, glass

41. Sulphur

42. Carbon

43. Lead azide

44. Lead azide, silicagel

45. Potassium nitrate, aluminum

46. Potassium nitrate, carbon, sulphur

47. Potassium nitrate, McCormick-Selph 510,164

The characteristics of these propellants will be discussed in

detail in the Experimental Results section.

Polyvinyl Chloride-Based Propellants

Extensive testing of the nitrocellulose-based propellants

showed that a new binder material was required to replace the nitro-

cellulose binder (see Experimental Results). From observations of
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the comparison tests of the nitrocellulose propellants (described

in Experimental Apparatus and Testing) it was obvious that some-
thing in the propellant was inhibiting the reaction of the oxidizer
and explosive materials in the propellant. A review of the prop-
erties of the nitrocellulose revealed that the mechanism that made
it a good binder was also inhibiting the reaction of the propellant.
The tough, filmy make-up of the nitrocellulose coating was isolating
oxidizer particles and fuel particles from one another.

Of several commercially available binders which would meet the
binder requirements as needed to coat the accelerator tube walls,
polyvinyl chloride was chosen for testing.

Polyvinyl chloride binder is made up of two constituents--a
polymer, Geon 427, and a plasticizer, dioctyl adipate. The coating
is not quite as hard as the nitrocellulose coating but tests have
shown that the Geon 427-Adipate combination has low heat resistance
and does not impede the propagation of the burning of the active
propellant constituents.3] The polyvinyl chloride is a fuel in its
own right and will burn when mixed with an oxidizer such as ammonium
perchlorate or potassium nitrate though at a very slow rate.

The burn rate data presented in Experimental Results is the
result of the tests of the polyvinyl chloride-based propellants.

Some of the materials and material combinations used in con-

junction with the polyvinyl chloride binder include:



39

1. Potassium nitrate, McCormick-Selph 510,164
2. Potassium chlorate, McCormick-Selph 510,164

3. Ammonium perchlorate, McCormick-Selph 510,164

Other Binders

In the process of developing a good propellant liner for the
accelerator tube, several other binders besides the two previously
mentioned were tested.

Water-based glues. Two water-based glues, methylcellulose and
dextrin, were experimented with. These are stored in dry form and
then mixed with water to form a paste. Test propellants of these
glues were made up of potassium nitrate and carbon, potassium
nitrate and aluminum, and commercially prepared black powder.

These formulations did not adhere well to a steel surface and
were flaky and brittle when dried. Since these binders would not
make a satisfactory coat of propellant on the accelerator tube walls,
they were not tested extensively.

Casein glues. A glue commercially manufactured as "Elmer's
Glue" was tried and found to be very difficult to work with as it
dried very quickly.

The propellant tested with this binder was a potassium nitrate-
carbon combination. The glue formed a soft coating which desen-

sitized the coating completely to impact and friction tests. This

binder was also ruled out for use in the propellant tests.



EXPERIMENTAL APPARATUS AND TESTING

General

As the preliminary examination of the problem of developing a
propellant liner for the hypervelocity accelerator tube progressed,
the need for methods of comparing one propellant with another in the
Tab became apparent. Coating the tubes was both tedious and time
consuming. Also, it was not always possible to contribute the
failure or success of a shot in the lined accelerator tube to the
propellant properties alone. The examination of the propellant
lining before and after the shot was difficult and was based on
visual observations.

Some of the properties assumed to be of prime importance in
comparing various propellant formulations before using the
propellant in the accelerator tube lining were impact sensitivity,
friction sensitivity, and sensitivity to open flame. Also, the
physical properties of the propellant coating such as smoothness and
uniformity of thickness were observed and compared.

After reviewing some of the Titerature available on thin films
of propellant it was determined that the linear burn rate of the
propellant 1ining in the accelerator tube and the effects of the
initial vacuum conditions on the linear burn rate of the lining may
also be of importance. The linear burn rate of the propellant was

Tater proven to be of great importance to the operation of the
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hypervelocity accelerator by a two dimensional mathematical model of
the accelerator devised by Ferrata32

Due to the Tack of previous work on thin films of propellant
restrained on one side and tested in surroundings of one atmosphere
or less, a special chamber and velocity measuring system had to be
devised for this research. This apparatus will be described in
detail in the next section. Following the next section, will be a
description of a normal burn rate test and an impact sensitivity
test which were used to a limited degree in the Tlaboratory.

The last section deals with the comparison tests of impact
sensitivity, friction sensitivity, direct heat sensitivity, and the
physical propellant coating properties such as smoothness and uni-

formity of thickness.
Linear Burn Rate Measurements

Propellant Specimen

Specimen description. To be able to draw some analogy between

the results of the comparison tests and burn rate tests and the
action of the propellant liner in the hypervelocity tube, the
propellant test specimen had to be as near like the propellant liner
as possible. The specimen developed was a thin strip approximately
eight inches long, one-half inch wide and of variable thickness
depending on the requirements of the hypervelocity accelerator (Data

is presented for thicknesses ranging from 1 mil [0.001 inches] to



42

Propellont specimen

LT T

Steel
plate

Linear Burn Rate Test Specimen

FIG 13

30 mils.). (See FIG 13)

Specimen construction. The film is coated onto a polished

steel plate which is approximately two inches wide, eight inches
Tong, and one-fourth inch thick. Two strips of masking tape are
put down on the plate one-half inch apart. The number of layers of
tape used will determine the thickness of the propellant strip.

The propellant is poured into the space between the strips of
tape and is leveled and smoothed (FIG 14). After sitting for a
certain period of time (over one-half hour) the strips of tape may
be removed. The specimen is checked for surface defects, and uni-
formity of thickness. The thickness of the strip is measured and

recorded along with the other pertinent information such as



Casting a propellant strip.

FIG 14

Finished specimen.

FIG 15
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propellant batch number and coating age (See FIG 22). The specimen

s then ready for burn rate tests (FIG 15).

Photodiode-Electronic System

In a previous attempt in the hypervelocity lab at measuring
burn rates in thin films of nitrocellulose, small diameter fuse
wires placed at several points along the strip of propellant were
used to determine the burn rate. However, not enough heat was
generated by the burning film to melt the wires or change their
resistance to an electric current, so the burning rates could not be
recorded. Other known methods of measuring burn rates such as the
pin method (FIG 10) would be difficult to apply to thin films of
propellant restrained on one surface.

This left high speed photography as the one "tried and tested"
means of measuring fast linear burn rates of thin films. However,
the primary disadvantage of high speed photography is the delay due
to film developing and the time to analyze the frame by frame
measurements. Due to the numerous variations and combinations of
propellants that needed to be tested, the use of high speed photo-
graphy for each burn rate measurement would have been cumbersome .

This led to the development of a new concept for burn rate
measurement. This concept was based on the knowledge that there was
a visible reaction zone at or just above the surface of a burning

thin film as the flame front passed down the length of the film.
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A light sensor, which could see the light from the reaction zone,
could signal when the flame front passed by the sensor.

Initial experiments with photodiodes showed that they were
sensitive enough to give a response when only a short, Tow intensity
Tight pulse was projected on them. Using these photodiode sensors
and the electronic circuit signal conditioners (FIG 17) which relay
the photodiode responses, a test system was devised.

This system is made up of four photodiodes--a trigger station
and three velocity measuring stations (FIG 16, FIG 18, and FIG 19).
The responses of the photodiodes as they see light are to chanae
the voltages in their signal conditioners. The circuits transmit
fhis response in the form of a voltage step to the oscilloscope
whose vertical trace position is governed by the voltage inputs.

The trigger inputs a signal which is used to start the trace
on the oscilloscope. The second photodiode's (station one) response
is transmitted to the oscilloscope and is displayed as a volt
displacement (vertical axis) of the trace. The third photodiode's
(station two) response to seeing light is a three volt displacement
(vertical axis) on the oscilloscope trace. The fourth photodiode's
(station three) response yields a five volt displacement on the
vertical axis of the oscilloscope trace.

With this system it is possible to decipher exactly which
nhotodiode is responding, or which combination of photodiodes are

responding at the same time. (See FIG 20 and FIG 21)
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Photodiode longitudinal burn rate data system

FIG 18

Instrument tray and photodiode velocity measuring system

FIG 19
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The point of ignition of the propellant film is located in
front of the trigger diode. When the propellant ignites, the light
emitted from the reaction zone hits the trigger diode and the
response of the diode starts the oscilloscope trace. As the flame
front progresses down the propellant film, stations one, two, and
three see Tight and respond. The resulting oscilloscope trace such
as the one pictured in FIG 22 then gives the time record of the
position of the flame front.

The photodiodes are located exactly two inches apart and the
velocity measuring stations are collimated by the use of hypodermic
needle bases (FIG 23). The photodiodes themselves are cemented
inside the metal tip of a hypodermic syringe. The syringe needle
bases are then easily put on and taken off for cleaning. Figure 23
shows the collimation of a photodiode velocity measuring station
With a number eighteen size needle (drilled to 0.065 inches inside
diameter). As shown in the figure, it is pdssib]e for the col-
limated photodiode to see only a very small diameter area across the
propellant film. This indicates that the response of the photo-
diode is due to an intense light source, the flame front, passing
through this area.

Using the oscilloscope trace for measuring the elapsed time
for the flame front to pass from station to station and the known
distance between each station (two inches), the linear burn rate

of the propellant film may be calculated.
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Test Chamber

For vacuum tests a unique vacuum chamber was constructed. The
chamber is basically a cast iron, right angle pipe union (FIG 24).
This chamber has four large ports for instrumentation and event
viewing purposes.

An instrument tray on which the photodiode holders are mounted
was constructed to be permanently attached to one of the port covers.
Therefore it is only necessary to unfasten this one port from the
chamber in order to remove all the instrumentation contained in the
chamber (FIG 19).

Two of the remaining three port covers are plexiglass plates

for visual observations and for taking high speed movies of the



Vacuum inlet and
/ pressure probe port

Instrument
™ tray port

":ﬁ?i“’% gﬁ

Top view

Linear burn rate test vacuum chamber.

FIG 24

52



53

burning in a vacuum. The fourth port is covered by a metal plate
through which passes the suction hose outlet and the pressure gage
probe.

Vacuums of about five torr (five millimeters of mercury) are

attained regularly for test purposes in this chamber.

Test Procedures

The propellant specimen, after first being measured and visually
inspected is placed on the instrument tray such that the near edge
of the propellant strip is 0.5 inches from the photodiode face.

The hot wire probe is put into position such that the ignition point
will be directly opposite the uncollimated trigger photodiode.

The instrumentation is checked to assure that the photo-
diodes are responding and that the response is being relayed to the
oscilloscope trace in the desired manner. The tray and port cover
are then clamped into place. For vacuum tests the tank is evacuated
to approximately five torr (five millimeters of mercury) and the
propellant fired with the hot wire.

The chamber is then vented and the instrument tray removed from
the chamber. Visual observation of the tray, chamber, and the speci-
men plate are made and then the plate js removed and cleaned.

The results of the oscilloscope trace are recorded and plotted

on appropriate graphs.
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Normal Vector Burn Rate Tests
General

Although the Tinear burn rate tests described previously were
the most important tests of this research, other tests for propellant
burning characteristics were devised in an effort to learn more
about thin films of propellant. One of these tests33 was developed
to measure the normal vector burning rate of the propellant film.

The objective of this study was to determine the rate of burning
of a film of propellant through its thickness and attempt to cor-
relate this burn rate with the horizontal vector burning rate al-

ready being measured.

Propellant Tests

Propellant specimens. The propellant specimens were ten to

fourteen mil thick layers of a propellant being tested for horizontal
vector burn rates. The propellant was:

45% Potassium Nitrate

45% McCormick-Selph 510, 164

10% Polyvinyl chloride
The propellant was coated on a glass slide and allowed to dry a
maximum of five hours.

Test apparatus. The test specimen was set in a special holder,

propellant side up (FIG 25). Implanted in the holder directly below
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the lower surface of the glass slide was a photodiode looking up
through the glass at a point on the lower surface of the propellant
specimen. Directly above this point on the upper surface a hot wire
igniter was placed. Another photodiode was located near the hot
wire and was looking directly at the point of contact between the
wire and propellant. The response of the photodiodes was relayed

by the signal conditioners previously discussed (FIG 17), to an
oscilloscope.

Test procedure. As the propellant was ignited on the upper

surface by the hot wire, the upper photodiode was to respond to this
Tight by triggering the trace of the oscilloscope. The flame front
would then burn down through the thin layer of propellant until it
reached the glass surface. At this point, the lower photodiode
would respond to the Tight emitted by the flame front. These two
responses would give the time period for burning through a certain

specimen thickness and therefore yield a normal vector burning rate.

Test Results

The test results according to Conley were inconclusive. No
repeatable burn rate measurement was established because of the in-
herent unreliability of the tests as they were conducted.

Conley pointed out that there was no method available at the
time to determine how long the propellant burned from the time of
ignition until the upper photodiode responded. Also due to the

intensity of the hot wire igniter, a true burning rate, free from the
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singularity of having the hot wire in contact with or very near to
the propellant surface s not available. Existing literature

points out that the intensity of the igniter will have a great
bearing on the rate of reaction of the propellant immediately sur-
rounding the igniter. After ignition the free-burning reaction zone
is sustained by the conduction of its own heat into the unburned
propellant ahead of the reaction zone.

Arother unanswered question was whether the lower photodiode
actually saw the flame front when it responded or if it actually saw
light from the upper surface penetrating through the propellant
film. Conley proposed that there was some light penetrating the
propellant Tayer but that there was no way of measuring the actual
amount of light, the time history of its intensity, or the source
(hot wire or propellant reaction zone).

The conclusion for this test was that the measurement of the
normal vector burning rate would take extremely sensitive, accurate
instrumentation or very high speed movie cameras. It was felt that
due to the complexity of this problem, more useful information could
be gotten froum the linear burn rate tests so the normal vector burn

rate tests were not pursued further.
Impact Energy Sensitivity Test
General

An impact sensitivity device34 was designed and built to mea-
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sure the sensitivity to impact of specimens of a thin film of
propellant such as the specimens being tested for linear burn rate.
This test was to be analgous to the common weight drop test which is
used to compare impact sensitivities of explosives. The drop test,
however, is difficult to apply to the testing of thin films due to
the increased accuracy required. The drop weight must hit a small
but exact area with a uniform pressure impulse on every test. The
drop tests for explosives are usually done on large specimens where
errors of several inches are negligible.

A more rigid system than a free falling weight was required so
that the size of the impact area could be controlled more accurately.
Also some adaptability of the test apparatus was required so that
the impact tests could be varied and so that accurate instrumentation

might be applied.

Propellant Tests

Propellant specimens. The specimens tested were thin layers

of a propellant being tested for linear burn rates. The propellant
was:

45% Potassium nitrate

45% McCormick-Selph 510,164

10% Polyvinyl chloride

The propellant was coated in a thickness of five mils onto polished

steel plates. The film drying time ranged from two hours to thirty
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hours. (This was one parameter studied).

Test apparatus. The testing system devised to meet the re-

quirements set forth earlier consists of a pulley-armature apparatus
driven by a drop weight (FIG 26). The contact area is located on
the free end of an armature which is rigidly fixed at the op-

posite end to a large diameter pulley. A weight suspended from the
outer perimeter of the pulley supplies the energy for turning the
pulley-armature mechanism.

The propellant specimen is located in a position so as to be
struck squarely by the contact area on the free end of the armature.
The velocity of the contact area is dependent on the angle turned
through by the pulley and the weight that is suspended off the

edge of the pulley.

Test Results

Linnen pointed out that not enough data was taken to draw
concrete conclusions. However, the data that was taken indicated
that the age of the propellant film does affect its sensitivity
to impact. The propellant films which dried the longest were
detonated by the hammer impact of lowest energy.

This test, if refined and instrumentated properly, would be
an excellent test for comparing impact sensitivities of propellant
specimens, especially thin films of propellant. The device could
also be used to study ignition delay times of the propellant

coatings. However, due to the priority placed on the linear burn



rate research, work with this apparatus was discontinued.

Comparison Tests

General

The first tests for comparing propellants before use in the
lined hypervelocity accelerator tube were based on sensory percep-
tion. The results are emperical relations between one propellant
and another propellant or group of propellants. The tests were
very useful and some are still used due to their simplicity and
applicability.

The tests were made for friction sensitivity, impact sensi-
tivity, and direct heat sensitivity of propellant films. Also noted
were any special results of coating and testing of the propellant
film. These special results included any abnormalities observed in
the propellant, propellant coating, reaction of the propellant, and

products of the reaction of the propellant.

Test Description

Propellant specimen. The propellant specimens consisted of

many combinations of explosives, oxidizers and additives and often
were composed of several layers of different propellants. The
propellant films were laid on polished steel plates in large patches
of uniform thickness. Thicknesses varied depending on the physical

characteristics of the propellants and the desired results of the
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test. The films were usually from one mil to thirty mils in thick-
ness.

Friction sensitivity. The friction sensitivity of a propellant

specimen was judged from the reaction of the specimen to having
strikers pulled across its surface with some normal force. The
strikers represented the projectile surface contacting the
propellant lining in the accelerator tube.

Four materials were used for strikers for each specimen. They
were steel, wood, aluminum, and nylon. The strikers were shaped
such that a blunt surface contacted the propellant. The strikers
were dragged across the propellant surface and the relative amount
of force needed to cause some reaction (if any) in the propellant
was recorded.

Impact sensitivity. This test was conducted using a hammer

with a smooth, slightly convex striking surface. The propellant
specimen was impacted with the hammer and the relative amount of
force needed to fire the propellant (as opposed to some common
propellant) was recorded.

Direct flame. For this test the plate on which a given

propellant specimen was coated was heated by open flame on the sur-
face opposite the propellant film. The amount of time to reaction
was noted and the physical appearance of the propellant during
heating was noted.

A similar specimen was then placed in the flame with the

propellant surface being directly exposed to the flame. Time to
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reaction and propellant film appearance were also noted here.

Interpretation of Test Results

The interpretation of the tests just described would be dif-
ficult to present with numbers or with concrete conclusions. The
tests were conducted on propellants of which little was known at
the time. The propellant films were in a configuration which had
not been previously reported.

The observations made during these tests did lead to the
development of several different types of solid composite propellants
used in the hypervelocity tube lining. Due to these tests, for
instance, aluminum was édded to the nitrocellulose propellants. As
a result of the friction sensitivity test, glass and sand were
added to make the propellant more sensitive to friction.

The comparison tests were the only means of comparing
propellants until the burn rate tests were devised. They also pro-
vided the means by which the propellants could be improved or at
least changed by some scientific method while there was still some
uncertainty about the action of the propellant constituents in the

propellant liner.
High Speed Movies

Some sixteen millimeter, high speed movies were made of several

burn rate tests in atmospheric conditions and vacuum conditions.
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The movies were made with a Fastax Category IV movie camera capable
of film speeds up to 5,000 frames a second using Fastax 4X Reversal
type film. The movie films were used to visually observe and study
the entire burning sequence from ignition to depletion of the

burning of the propellant strip.
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EXPERIMENTAL RESULTS
General

The discussion of the results of the experimentation just de-
scribed may be naturally divided into two areas both chronologically
and physically. The research done on nitrocellulose propellants was
completed before the summer of 1969. Since that time the polyvinyl
chloride-based propellants have been investigated.

The burn rates of the nitrocellulose propellants are inferred
from the comparison tests. This is due to the fact that the reac-
tions in the nitrocellulose film which was coated on the steel
specimen plates would not propagate after ignition over the entire
specimen when tested at atmospheric pressures.

The linear burn rate tests began soon after the polyviny]l
chloride propellants were developed. These propellant's reactions

did propagate and therefore linear burn rate tests could be made.
Nitrocellulose Propellants

Nitrocellulose and Solvent

The nitrocellulose formed a thick, honey-like mixture when
dissolved in either methyl ethyl ketone (MEK) or butyl acetate (BA)
(10% nitrocellulose by weight). This mixture coated steel surfaces
with a hard thin (less than one mil) coating.

The tests for impact sensitivity and for friction sensitivity
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showed that the coating was relatively inactive. Only areas directly
under the steel hammer surface would react when impacted. No re-
action resulted from the friction tests with steel, nylon, wood, or
aluminum strikers.

The specimen did not burn in the open flame when coated on the
steel plate but did burn when completely free on all surfaces. The
flame was not intense and did not produce a large gas volume.

After reviewing these observations and the results of 1ined
shots in the hypervelocity accelerator it was decided that the
nitrocellulose propellant was not producing the desired action in

the accelerator propellant liner.

Metal Additives

Although the nitrocellulose mixture alone was not producing
the desired effects in the accelerator liner, it was still an ex-
cellent carrier and produced smooth, hard coatings which were de-
sired. Aluminum dust (shiny) was added to the nitrocellulose carrier
to improve its explosive characteristics without changing its coat-
ing properties. The best combination was about one part aluminum to
two parts nitrocellulose by weight.

These propellant specimens were tested and found to be
generally more active than the nitrocellulose alone. However, these
propellants still would not strike by friction with the nylon, wood,

or aluminum strikers.
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The steel powder was added in the same amount by weight as the
aluminum dust but the greater density of each steel particle caused
the coating to run when coated on a vertical plane. The reaction to
impact and friction was about the same as the aluminum propellants.
Due to the importance of having a smooth coating on the accelerator
tube walls, the propellant with the steel additive was not used for

any lined accelerator shots.

Abrasive Additives

As the addition of powdered aluminum increased the reaction of
the propellant without increasing its sensitivity to impact and fric-
tion substantially, it was decided to approach the ignition problem
by adding some inert abrasive materials to the propel lants.

Fine sand was added in small amounts (one part sand to five or
six parts aluminum by weight) but the sand particles were not small
enough. The friction tests revealed that spots where the sand
particles were located would either react in the immediate vicinity,
or the particle would dislodge. The particle would then be dragged for
some distance underneath the striker, separating the striker surface
from the propellant.

Ground glass with much finer particle size than the sand was
mixed into the propellant in the same proportions as the sand. This
nropellant gave a smooth coating and possessed greater sensitivity

than did the previously described formulations.
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The steel striker caused a reaction in an area about the width
of the striker down the length of the specimen. It was observed that
the propellant had reacted intermittently down the length of the
specimen as the fringes of the reaction area were very uneven. The
aluminum and wood strikers also produced greater reaction from fric-
tion tests than previously attained. The nylon striker still pro-
duced 1ittle reaction in the propellant. This indicated that the
glass was increasing the friction energy input considerably.

Lined shots in the hypervelocity accelerator using aluminum,
wooden, and nylon projectiles indicated that the propellant was
igniting too quickly and was slowing, stopping or destroying the
projectiles in the tube. This pointed out the need for more accur-
ate evaluation of the ignition and burning characteristics of the

thin layer of propellant.

Oxidizers

In an attempt to make the propellant release more gas at re-
action, oxidizers such as ammonium perchlorate, potassium chlorate,
and potassium nitrate were added to the aluminum-nitrocellulose
propellant in about a one to one ratio by weight with aluminum.

Without the abrasive additives, these propellants were no more
active than the propellants with only aluminum and nitrocellulose.
However, with the addition of ground glass, the propellants exhibited

the same sensitivity as the aluminum-nitrocellulose propellants with
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the glass additives except that the reaction seemed to produce a
much greater volume of gas.

Propellants containing nitrocellulose, oxidizer, and ground
glass only were relatively insensitive. The aluminum dust apparently
was important to the reaction of the oxidizer.

Shots in the lined accelerator with these propellants resulted
in complete firing of the propellant liner, but also slowed, stopped,

or destroyed the projectiles being fired.

Addition of Explosives

Much experimentation was done on propellants containing explo-
sives in an effort to develop a greater gas producing propellant
Tiner. The graininess of the explosives also allowed the removal of
a certain amount of the inert abrasives from the propellant formula-
tion. This created a propellant which was as sensitive to friction
as the previous propellants and produced a greater amount of gas
after ignition of the propellant liner. Black powder (commercial
and laboratory made), RDX, PETN, and Tead azide were all tested by
themselves and in various combinations with oxidizers and metal ad-
ditives. With the exception of black powder, all these explosives
made a more active, greater gas producing propellant from the pre-
viously tested propellants.

The black powder propellants were no more sensitive to impact

and friction tests than the glass-oxidizer-aluminum combination but
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did exhibit greater propensity for burning in the direct heat test.

Of the explosive combinations tested RDX appeared to produce
the greater increase in sensitivity and gas production. However,
even the reaction of propellants with explosive additives would not
propagate past the point of impact of the hammer or the path of the
friction test devices. The propellants still refused to react to
friction when struck with nylon or wood and very little reaction was
realized from striking the propellant with aluminum.

The Tined shots made in the accelerator with the explosive
propellants yielded loud gun reports and apparently more gas release

but did not give projectile accelerations of any consequence.

McCormick-Selph Explosives

Brown35, in his survey of explosive materials stated that
McCormick-Selph had developed some proprietary commercial explosives
which were apparently the only materials exhibiting reaction rates
between slow deflagration and detonation at the time of his report
(1967). Two of these materials designated Mc/S (McCormick-Selph)
300, 104 and Mc/S 510, 164 were used as additives to the nitrocellu-
Tose propellants.

The propellants tested with these additives were combinations
of oxidizer and explosive and combinations of oxidizer, explosive,
and aluminum. These propellants were also tested in coatings with

more than one layer and different propellants in each layer.
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ATl of these propellant combinations appeared to react nore
consistently with the impact test. The strikers caused more
propellant to react and made more unifor paths of reaction on the
propellant strip. Even the nylon striker caused some reaction in the
specimens.

It was often noted that the propellant containing the McCormick-
selph explosives would propagate partially from under the hammer im-
pact area or from the striker path. The greater Lhe concentration of
the McCormick-Selph material, the more often this phenomena was ob-
served.

Also when multilayered coatings were tested, it was observed
that the McCormick-Selph layer, if on top. would react with little
energy input while the layers below remained unaffected.

Shots made in the Tined accelerator tube were more productive
than before. Higher velocities and higher tube pressures were re-
corded. A typical propellant combination which qave good comparison
tests and also qood lined shots in the accelerator consisted of:

30% {by weight) Nitrocellulose

50% Ammonium perchlorate

5% McCormick-Selph 510, 164

15% Aluminum

Although better comparison tests and good lined accelerator
shots resulted from the additicon of the McCormick-Selph explosives
it appeared that some aspect of the propellant formulation was

hindering its reaction. Literature available and contacts made with
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McCormick-Selph indicated that the Mc/S material used should be able
to sustain a burning reaction, once initiated, without any external
energy input.

After reviewing the properties of the solvent dried nitrocellu-
Tose that was being used as a carrier and binder, it was decided that
the propellant problem was mechanical. The nitrocellulose was a good
binder because it dried in films. The films surrounded and isolated
particles of any additives. This phenomena of separating the explo-
sive particles from the oxidizer particles while still making a hard
thin coating of propellant was inhibiting the reaction of material
combinations which should have becn highly active and whose reactions
would have been normally self-supporting once initiated.

This observation led to a change in propellant binder and con-

sequently to the linear burn rate research.

Polyvinyl Chloride Propellants

General

The polyvinyl chloride propellants are the propellants cur-
rently being tested in the hypervelocity accelerator. Linear burn
rate tests, normal vector burn rate tests, and the impact energy
tests which were described in the section on experimental apparatus
were conducted on the PVC (polyvinyl chloride) nropellants.

The PVC binder was chosen as an alternative *to the nitrocellu-

Tose binder which, as has been explained, was inhibiting the re-



actions of the propellant constituents. The polyvinyl chloride
being used is a combination of Geon 27 (63% by weight), a commer-
cially distributed polymer, and Dioctyl Adipate (37% by weight), a
commercially distributed plasticizer.

Analysis of the results of the burn rate tests showed that re-
gardless of other parameters being varied, the longitudinal burn
rate was dependent on the thickness of the film of propellant. The

burn rates generally increased with increase in film thickness.

Coating Characteristics

The PVC coatings were not as hard or as thin as the nitrocel]u-
Tose coatings. The thin propellant Tayers which were coated on the
steel test plates and the coatings on the accelerator tube walls
could be applied smoothly and dried quickly (within one half hour).

The propellant was easy to mix and stored reasonably well.

The Effects of Low Pressures on Burn Rates

The change in pressure of the surroundings of the propellant
specimens from atmospheric pressure to a vacuum (five millimeters
of mercury) had no apparent effect on burn rates. This conclusion
is supported by information received from McCormick-Selph to the
effect that they had observed no adverse effects of vacuums on re-

actions of their explosive materials.

/3
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The Effects of Propellant Curing Time on Burn Rates

Although mixture age and propellant coating age were recorded
and graphed as separate parameters, these apparently had little
effect on either vacuum or atmospheric burn rates as can be deter-
mined from Figures 27 and 28. These are graphs of different
propellant combinations for which burn rate tests were made.

The burn rates for propellant A (FIG 27) which consisted of
equal parts of Mc/S 510,164 and potassium nitrate in 107 PVC ranged
from several inches per second for thickness below five mils to 2000
inches per second for a twenty-five mil thickness. Propellant B
(equal parts of Mc/S 510,164 and potassium nitrate in 15" PVC) burn
rates (FIG 28) range from 500 inches per second for a ten mil film
thickness to 8000 inches per second for a film thickness of twenty-
two mils. Burn rate data on propellant B is more scattered.

Further tests were made on a propellant similar to propellant B
but containing potassium chlorate instead of potassium nitrate.
These points are plotted in Figure 28. There are very few data
points but the potassium chlorate propellant did not do as poorly in
a vacuum as had been predicted based on discussions of previous test
results with McCormick-Selph representatives.

The different coating ages are noted in the graphs but there is
apparently no effect of coating age on the burn rates of thin films
of these certain propellants.

The physical appearance of the propellant strip also was not
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affected by long drying periods.

The Effects of Varying Binder Content on Burn Rates

Propellant A is 10% PVC binder by weight. Propellant B is 15Y
PVC binder. It appears from Figures 27 and 28 that propellant B may
possess the greater potential for high burn rates at a given thick-
ness. Propellant A averages approximately 800 to 900 inches per
second for a film thickness of fifteen mils while propellant B
averages slightly over 1000 inches per second for the same film
thickness. With the lack of a large amount of data on praopellant B
this may be an unfair evaluation of the difference. Propellant B
however does exhibit some high burn rates in the ten to Tifteen mil
thickness range while propellant A remains consistently below 2000

inches per second for this thickness range.

The Effects of Top Coats on Burn Rates

Figure 29 shows the results of coating over the top surface of
some dried films of propellant B with both nitrocellulose and PVC
containing aluminum dust. These tests were very interesting since
Physics Internationa136 has proposed using a collapsible inner liner
surrounded by a propellant layer inside a rigid tube as a possible
method of obtaining hypervelocity accelerations.

The effects on the coating itself were surprising. The
nitrocellulose top coat did not increase the propellant film thick-

ness and often decreased it. No sure explanation for this phenomena
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has been provided. The nitrocellulose might possibly be penetrating
the PVC coating and, in drying, compresses the PVC layer.

The aluminum-PVC top coat was more flexible than the nitrocellu-
lose. Fragments of the unburned top coat were found after several
tests using the aluminum-PVC top coat. This top coat also shrinks
the propellant film.

The burn rates measured for the propellant strips with over-
coats were generally higher than for propellant tests without the top
coat. The burn rates for thicknesses of ten mils to fifteen mils
were generally in a range from 1000 inches per second to 4000 inches
per second. Several shots were above 5000 inches per second for
this thickness range. For a thirty mil thickness burn rates of
10,000 inches per second were observed. These high burn rate< were
for the nitrocellulose top coat.

The data from aluminum-PVC tup coat teste fell al o Lottom of
the data range in the 100 to 500 inches per second arra

The nitrocellulose overcoat may be increasing the burn rates of
the propellant film by partially confining the film nn the surface
opposite the steel plate. This would keep the reaction zone slightly
closer to the propellant surface. However, the shrinking of the PVC
propellant by the nitrocellulose top coat also caused a problem in
coating lined accelerator tubes. This top coat pulled the PVC
propetlant from the walls of the lined tubes to such an extent that
no advantage could be taken of the increased burn rates.

The PVC top coat appeared to be promising asan inert coating to
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act as a flexible tube inside the accelerator propellant Tining.

The Effects of Different Oxidizers on Burn Rates

This area was not completely investigated but the results of the
tests that were made are worthy of being mentioned. Some burn rate
tests were made with g propellant similar to propellant B except
that the potassium nitrate was replaced by potassium chlorate.

Information received on some McCormick-Selph experiments indi-
cated that the Mc/S explosives in combinations with chlorates reacted
poorly in a vacuum. However, the few burn rates measured in the
Hypervelocity Laboratory were almost as high as the propellant B
burn rates. The burn rate of one twenty-six mil specimen was 4000

inches per second (FIG 28).

High Speed Movies

Several high speed movies were made of the burning of a
propellant specimen. Some difficulty was encountered in filiming
the high speed reaction in the vacuum chamber due to poor lighting
and a slight change in the burning characteristics of the film in
a vacuum. It was difficult to isolate a definite flame front 1in
the movies that were made in the vacuum.

The film strip in Figure 30 illustrates the hot wire ignition
and possibly displays a reaction zone traveling down the length of
the specimen. Due to the graininess of the film and the lack of

sufficient illumination of the propellant film and velocity
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measuring stations it is difficult to determine exactly what this
zone represents. The burn rate recorded on this test of propeljant
B was 4000 inches per second for a 15 mil thick specimen.

The pictures in Figure 31 are single frames of a film strip
taken of a relatively slow burning (fifteen inches per second)
thin film of propellant A. The film thickness was 11 mils and
the test was at atmospheric pressure. The horizontal line just
below the bright flame zone is the surface of the steel plate.
The small bright spots in the background are the needle bhase

collimators of the photodiode stations.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

In the beginning the primary task of this research was to
develop a fast burning propellant film for the lined hypervelocity
accelerator launch tube. This developed into a research progranm
for investigating thin films of propellants with burn rates in a
region not previously reported.

Several important conclusions may be drawn concerning the
burning rates of thin films of the propellants tested in this

research.

1. The longitudinal burn rate is mainly dependent on thickness
ranging from several inches per second for fili thicknesses
of less than five mils up to the neiahborhood of 10,000
inches per second for thirty mil fili thickness.

2. There is little or no variation in burn rates between
propellant tests in atmospheric pressure and propellant
tests in vacuum pressures.

3. There is no effect of the length of curing time of the
propellant coating or of the age of the propellant mix-
ture on burn rates.

4. A nitrocellulose layer coated over the propellant film
will increase its burn rate but will destroy the bond
between the propellant film and a steel surface.

5. The McCormick-Selph explosive apparently will react in
propellant formulations with potassium chlorate though
not as well as with potassium nitrate.
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No concrete conclusions can be made concerning the effects of
the change in percentage of polyvinyl chloride on burn rates. The
experimental evidence indicates that propellant B (the mixture with
15% PVC by weight) may be capable of producing higher burn rates
than the 10% PYC propellant. However, the amount of data taken is

not great enough to warrant drawing a sure conclusion.
Recommendations

1t is obvious from the scope of this report that there are
many unexplored areas in the field of burn rates of propellants.
The burn rates reported here are in the range between deflagration
and detonation and in an area where apparently the only other work
done was by McCormick-Selph in developing pyrotechnic fuse delays.

Brown35 has listed many uses for propellant formulations
which would hurn in the range intermediate between deflagration and
detonation. Among these are explosively-actuated tools, chaff
ejectors, gas generators, metal forming and welding, single-grain
gun propellants, high acceleration rockets, and bursters for
materials which a detonation would destroy. These are reasons enough
for a more complete search for and investigation of propellant
formulations which fit in that burn rate region.

For application in the Tined hypervelocity accelerator tube
there are several recommendations for further study which could be

made :
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More refined and more complete tests for longitudinal
burn rates would possibly result in an accurate control
over the burn rates of the propellant liner.

The refinement of the impact energy test might yield an
accurate method of studying the delay time to ignition by
impact of propellant films.

The addition of a high pressure test vessel for high
pressure burn rate tests would give more information on the
reaction of the propellant liner in the accelerator tube
and a give a greater capability for testing burn rate
theories.

The feasibility of using an inert, collapsible inner liner
in the propellant lined accelerator tube could be studied
using the present burn rate facility used for studying the
effects of top coats on the burn rates of the propellant
film.

A better capability for making good, high speed movies of
the fast reacting propellant films in the vacuum tests
might reveal some interesting changes that take place 1in
the burning of the propellant film in a vacuum.

An examination of burn rates of thin films resulting from
the constant input of energy down the length of the specimen
may give results more closely related to the burning
phenomena of the propellant liner in the hypervelocity
accelerator Taunch tube.
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SUMMARY OF LINEAR BURN RATE TESTS
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SUMMARY OF L INEAR BURN RATE TESTS CONTINULD
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SUMMARY OF LINFAR BURN RATE TESTS CONT INUED
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SUMMARY OF LINEAR BURN RATE TESTS CONTINUED
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SUMMARY OF L INEAR BUKRN RATE TESTS CONT INULD
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SUMMARY OF L INEAR BURN RATE TESTS CONT INUED
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SUMMARY OF LINEAR BURN RATE TESTS CONT INULD
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SHHOARY O CTNEAR BURN RATE TESTS CONTENUED
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Appendix B

Hypervelocity Laboratory Instrumentation
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APPENDIX B

Hypervelocity Laboratory Instrumentalion

Figure 1 illustrates the basic layout of the instrumentation developed
for the measurement of pressure in the launch tube and determination of
projectile velocity and integrity. The pressure determination is measured
from the resistance changes of either foil type strain gages or semi-
conductor gages mounted 180° apart in pairs in the hoop direction. The
series connection delivers twice the resistance change of a single gage
and cancels any bending that may occur during the shock of firing. The
first gage is a single high output semiconductor gage which is used to
trigger the oscilloscope trace for the data gages.

The projectile velocity is determined by the interruption of a
circuit printed on thin paper. The projectile integrity is obtained
from the sharp edged hole cut in the paper. The circuit for the semi-
conductor strain gage trigger is shown schematically in Figure 2.

A semiconductor strain gage was utilized to detect the hoop strain
produced due to the entry of the projectile into the launch tube. The
higher output of the semiconductor strain gage provides a signal of suitable
amplitude to exceed the trigger signal conditioner threshold determined by
the LEVEL SET Control.

An output pulse of approximately five (5) volts is produced as the
input signal exceeds the threshold level. Due to system noise, a threshold
level of approximately 60 to 90 millivolts was normally used to prevent

noise triggering of the system.



197

1NOAV TWNAN39 - NOUVINSWNNYLISNI  TTAH [-38N91d

SNOILVLS
ONISN3S ALIDOT3A

3diM ¥v3dg, oustve ® © ©

st 39v9  NIVNIS

3d02S,0 . 1mmm+.o 3d02S0 340950 viva, ¥01onaNOJWIs (O ®

(300N  dOHD) (300W  dOHD) (300N dOHD) 39v9

Iovdl  WNa Y3ALNNOD JPowul wNA IdVEL N0 NIvHLS Lviva, 103 ® @
TVANIINI 3979 NIVYLS

L H39014L, MOLONANODIW3S (D

OF R AT R A S e

Y3NOILIGNOD

H3NOILIONOD
H3INOILIGNOD 43INOILIONO
JUNOIS  QNv IUNSIS OGNV 2
IYNOIS 3IONVIVE  39VO JUNOIS

§ 3ONvVIvs 39vH
mzam._.mmata:Ou

Niv¥1lS 3dAl
YOL1ONANODIWIS

A s

IN3N3YNSY3IW  ALIDOT3A

4 y399R41 340950

s

- I S G
2 \@@@@@

® @ @

NOI103S AaN3ssSv

38N1  HONNV d31dvav NN9
H3ABWVYHD  WNNOVA



198

+12v

ouTPUT

FIGURE 2 TRIGGER SIGNAL CONDITIONER

COARSE
BALANCE

Vout

VBias

FIGURE 3 FOIL TYPE STRAIN GAUGE BALANCE &
SIGNAL CONDITIONER



199

Actual triggering occurred ét varied times. This was due to the fact
that unlined tubes and slower burning propellants produced pressure trace
with a low slope. A spacing of three to five inches between the trigger
gage and first data gage provided sufficient time to effect scope triggering
prior to data acquisition at the first data gage.

A foil type strain gage balance and signal conditioner circuit is shown
in Figure 3. Although this is a fairly straight-forward circuit, some
deviation from standard practice was found to be necessary in this appli-
cation.

For example battery power for both gage bias and op-amp supply was
necessary due to a low level input signal. Also one element (coarse
balance) of the bridge completion circuit was made variable to accomodate
the variation in gage resistance for different launch tubes.

The op-amp gain was adjusted by selection of circuit values to
provide the highest gain with maximum upper frequency response.

"Antenna effect'" noise was always a problem, however the low 120 ohm
output resistance of the bridge provided the best signal to noise ratio.

Careful grounding of the electronic circuits, as well as the launch
tube itself, was necessary.

The circuit for the semiconductor strain gage balance and signal
conditioner is shown in Figure 4. An investigation of the characteristics
of a transistor connected in the grounded base configuration disclosed the
fact that different values of emitter resistance would cause a shift in the
transistor's operating (Q) point. Therefore experiments were conducted
using semiconductor gages as the emitter resistor. Results have

been encouraging and have provided data comparable to the more elaborate
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foil gage and signal conditioned system

Figure 5 shows the schematic of the velocity measurement signal con-
ditioner. This simple break-wire system has proven to be quite effective
for velocity measurement.

Several variations have been tried and the most satisfactory solution
is shown.

Some difficulty was encountered with both "open' ballistic paper and
plasma effects and were eliminated by the final design.

A test switch was installed to permit simulation of circuit activation
as encountered during data acquisition periods. The addition of the interval
counter required the addition of a common collector connected transistor
to prevent low resistance loading of the system.

The interval counter-system block diagram is shown in Figure 6. Low
cost commercial counters did not provide the accuracy desired. Therefore
a relatively low cost counter was design to fulfill the particular re-
quirements for this application.

A 2.0 mhz oscillator and a divide by two I.C. module was used to
provide 1.0 mhz timing pulses. Gating voltages were taken from the velocity
measuring signal conditioner and controlled three mod-10 decades. Meter
readout provided an inexpensive method of interval indication.

The input gate and ready indicator for the velocity measuring system
is shown in Figure 7. The interval counter (Fig. 6) was at first tried
using only the gating voltages to provide start and stop signals to a simple
gating IC circuit. Plasma effects at the ballistic stations resulted in

spurious resistance changes that created several voltage excursions of
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sufficient amplitude and polarity to cause false velocity indications.

The circuit of Figure 7 was devised to '"lock up" on the final ballistic
station change so that subsequent plasma induced changes would not create
false gating signals. Since "turn-on" of the interval counter could pro-
duce either a rest or non-reset condition a "Ready indicator" was included
to eliminate the improper condition as well as provide counter reset
indicator. The indicator I, will be illuminated only when the correct
ready to count condition exists and is extinguished when either the second
or third ballistic station is open.

Figure 8 shows the circuitry for the velocity measuring system and
divide by 10 decade and meter readout system. Three conventional Mod 10
decades were employed to provide x1, x10 and x100 indication of the gated one
microsecond interval pulses. The summing circuit was devised by a student
and has proven to be an inexpensive method of digital readout. Each meter
was calibrated to indicate 10 units and provided direct readout.

Figures 9 and 10 show the block diagram and schematic of the circuitry
for the longitudinal burning rate data system using photodiode sensors.
Four 2N2175 photodiodes were installed in adjustable height assemblies
shown schematically in Figure 9. Various sized hypodermic needles were
placed over the detector to allow limitation of the field of view by
collimating the light produced by the burning of the propellant.

The first photodiode (T) was used as a trigger to start the scope
trace. Velocity measurements were made by the displacements of the three

remaining photodiode outputs. This was accomplished by using the change
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of resistance of the photodiode to develop enough voltage change to drive
a Schmidt trigger connected operational amplifier shown in Figure 10.

The output signal is provided from the frequency compensation (pin 6)

to give RTL current limited drive without the use of clamping diodes.

The data station outputs are paralleled to provide a single data output
channel,

In order to be able to identify which diodes are sensing, when all
combinations are possible, the voltage output from each was set so that
additions of combinations would result in unique values. In order, the
stations are one, three and five volts as shown in Figure 11. Various
combinations are illustrated in Figure 12. Knowing when each station
triggers gives velocities between any two stations for evaluation of

consistant burning characteristics.
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Appendix C

Summary of Results September 27, 1966 to May 5, 1970
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SUMMARY OF RESULTS
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SUMMARY OF RESULTS CONTINUED
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t 21.8% Nitra, 65% RDX, 10,87 A, 2.M xlas “:::::‘_t';‘: ‘:::‘ : ':"‘;"':‘h_::"“";"
AN KON 9 “ % i 7.8% NC, 55% RDX, 13.8% A1,2.7% glnwse .48) .241 3855 | 43 [t oney romb-
21.82 NC, hS% RDX, 10.8% A1,
hae g 19l L Ty, 7 27.8% giase 254 238 arMs 26 Tube did not fire
IR Y u ! I 1 I3 NG, 3T gun powder, VYL XM, CLO, na 1y KIS IR
oy 2 | ates N ) a ) 1T MG, 33% gun powder, 3L MH,(LO, an s | ons { o
tuty 27 ] AOGG ' 2. s ] 3N K, 3T gun powder, 3T NH,CLO, 136 1 0188 10
NPT WIS " I . i 250 ML, 1% NH,CLO, A0 L119s [Pzl B
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TANK | CDATING BASE PROPELLANT PROJECTILE SPECTFICATIONS|  PENETRATION COMMENTS
nATE vis PRESS | THECKNESS COAT R
Ips . mile LENGTH DIA MASS LAYERS nra
COATS in in I In
Judy 41 benn 10 I za ' 25% NC, 75% WHLCLO4 121 BEEL] BEITY B
Juby W] 200 1 [ za ' 7V ONC, TS T NHLGLO, 120 1195 008 17
297 NC, ST NHCLO,,13.4% Al,
L 1 “ I 2 5.4 Rluse L251 L2612 5276
277 BC, AL NHLCLOL, 11.5% AL
oot 1z | 480 A 24 1w 1 3.6% glass L2563 525§ 1503
L7% MC, 34N NHLCLO,, 13,57 AL,
ICTRTS T [\ . h ! 5.4% glase 292 2419 412 Tube d1d 6ol fie,
27% NG, S4% MH,CLO,13.5% AL,
[ENTYS 4 P 1h ) 5.4% glaes 198 243 140
1 SO% NG, 0% MHLCLO,, 16.5% Al
er 20 “ 2 1a 2 .87 NE, 55.5% NHaCLOZ, B.35% Al, 230 244 BEL 1
Al 1 SO% NC, 3V WK L0, 16,5% Al
v i amted| 3 ‘e 2 27.8% NC, 55,51 NH,CLO,, B.J5% AL, 225 24k Jase| s
A.33% glasa
Juty 23| .4 [ s H SO% N, 50% MH,LCLOy 125 13 2
e 27% NC, 54% NH,CLOG, 13.5% Al, Tube set aver weekend
AT L 1 I e 1 5.47 glass 12 BEEH Lunked rusty
Lointer
NH,CLO,. 13.5% Al,
G ‘ 2.4 i ) 198 L2603 Tube met over weckeud
. [N N U ——
T 0% NG, T0% NH,CLOG, 20% AL
o . . : 26, 9% NC, 52.67 NM(CLO4, 13,15% AL, 218 254 s -
7.9% glass
had ' T.NC, 1% NH,CLO,, 1% AL, rdapter hlown o [f
iy ontec] 8 - " . 26,3 N, 5206% NHCLO4, 13,15% AL, 225 264 TR et statton shesred ott
7.9% plans ' : o Frojertile une damayed
ST RG, 55.5% WHLCLO,, 13.9% AL, W& hlack g atrached ta
foe 2y 9 I e ' 2.79% glasa a62s | 2425 Wi [ e o
2197 N, $5.5% NH,CLO,, 13.9% Al,
oo 21 " u F 2.7%% glass 197 L2463 NEE T
E178 NCR BTk powder wn Tob oF pinfectile
e 27.9% NC, 55.5% NH,CLO,, 13.9% at, Projectile went thru Sid exation
IR P I 2 1% 2 £.79% glasw .307 (24 . 362 4l 25 | damased io MG, much spoke
Projectile went thru Jrd stating
77.9% KC, 5.57% NH,CLO,, BY.9% Al, Adapter & gun 810d 2% on rube T decrtle
o . 1 1y 2 2.79% glaes 47 241 207 8 375 | broken off ntherulse no damage
- N Tube oT(d (.Tvard 7 Finams fntetlered
"7-?‘- NC, B5% MH,CLO,, 13.97 A1, . ; with trace. Projratile ~plic Ln halt
< L) “ iR 2 2.7 ylaan &y? 24y 371 [} S50 Tiavalion  harse
LU NG, BT ONMLCLO,, 1.9% AL, Plasms interfered viih tia e
ThIMY “ 3 1) 4 £.17 plans 438 L2463 1765 a1 (Al [raveiing charge
T— Adapier alid bak & inchee.
F7ORTONCL SN NHLELD,, 13,97 AL, N reading onow e
b1t # I Iy 0L ghw .502 22 o8y |k Liaveliog o bagee
Afapter alid hak & fu o
Z1BT N, S9N MHLCLO,. 17.9% AL, Vel SB fpa
P 14 s ¥ “ Iy i 2. 1% gbass a4 242 J3ehs | zm 4 | Traveliog cha
N reading enoacope
AT NG, 15.R% NH(LOG, ©% AL, 8% glass Hlak powder i et
AL # 3. Ly 2 1.07% aa 50% 242 .05 * Nirain guige oyt
S0 BYBC, 55T MHLALD,, 13.9% AL,
w17 10 300 ty 2 2.7% giana 254 294 1230 { a7 Lrain gauge taar
Teavel tng charye. Mo @i 1eadin
21 BT ONC, OSSN NMLCLOL, 13,97 AL, o:‘:.v u“[x..:’:m.. o e
o i | o s " 2 1.1 gless a7y caars | v |ous et
WM, ST MNLCLO,, 13.9% AL, Tab brokes ot projectile
P 7] ) 1w ; .75 glaan 412 [T (R EFI AN R Flasma (nterfered with trae
27.8% NG, 35T NH,CLO,, 13.9% AL, Flaame intetfrred uith trace
W o0 I [ M 7 2.1 giann w8 242 L3388 | Travellng rharge
Adapter slid back 1.5 tuches
3 BY NG, 15.8% NHCLD,, 4% AL, 8% gless, Srenin cauge teat
e . oo 717 KA 517 .261 L3320 | 4 iy KRt :
o 4 , JEe pes e 23 A1 axcling charge
27.8L MC, -551 NH,CLO,, 13.9% AL, Tab beoken oft, R o
LEFSN S 3 3.0 1w 2 2.7% glans 460 760 20 13 Very slow shot . Only straight inen
an_ACODA-.
27.8% NC, $5% WH,CLO,, 1).9% A1, et P
Mo 23 Jsoen by B % 2 2.7% glems 254 I 179 3 1.0 | Tube al1d furward & fnchea.
Adapter alid backward 2 fnchrs
£7.8% NC, 357 NH,CLO4, 13.97 AL, 255 225 s | 2 Vary slow vel. Only stralght lines
1 9 P 8 H 1.77 glass - - . o trace.
Steel profectile,
27.H2 NG, 551 MH,CLO,, 13.9% AL, Wt Plasme {nterferrd with (race
' 5 2 2.7 glase
7187 N, ST MHLCLo,, 13.9% AL, Adaprer slid back 13", Traveliog
Leo & in b NfA n 2.7% wlass 534 L2473 313 2 charge.  Scnpe  did not trigger
o No baag cost
o 1o am AL Adapter knocked ff
27.H3 Ne, 55% NHLCLO,, 13.9% AL, Mo hane cost.
[T 0 a ' A 5 2.7 glase 451 262 291 n 80 | No hans e
Riack powder ur tab, Adapter siid
back 1.% inches. Claame tnrcafered
LS00 -
P 5 Nin “ 460 252 3n 52 Lt trace




SUMMARY OF RESULTS CONTINUED

1. COATING BASE, PROPRLLANT PROJECTILE  SPECTZICATIONy  PENETRATION COMMENTS
DATE viL Press | THICKNESs | coaT N
foe - mils coATs juzwern | p1a Mass  Juavers | ooia
in In ar in
77.8% NC, 55% MHeCLO4, 13.9% Al, Adapter blawn off.
e 8 | 960 10 2.305 W/A 1 2.y st L2482 326 3 15 | Tab broken off (Black povdar)
27,81 MC, 35T HH,CLO,, 13.9% Al, Adapter ai1d back 2 Inches
tre 8 | N00 8 1.0 N/A 1 2.7 glase 87 242 nos | @ 1.0 {Traveling ch
27.8% NC, 55T MR4CLOg, 13.9% AL, Tube d1d not five
nac 8 | 2100 4.6 RIA ] o 65 242 281 0 .40 | Tab broken off (Black powdsc)
5% M,CLO,, 13,97 AL, Adapter ¢1td hack 2 tnches. Tute wee
bec 12 9 “t nIA i) 8l L2425 06 1 47 [ warm. Teb broksn off, (Black powder),
2lasma | alrh 1
27.82 %C, 55% WHLCLO,, 13.9% Al, Adapter blown off. Tati braken off,
Dec 12 ? 3.75 w/A ) 2.7% glaes L 4BO L2412 i 3 .50 | IBlack powder), Flasma tnterfersd
milh trace
27.8% NC, 35% WR,CLO,, 13.9% Al, Adupter s11d back 1.5 {nchan
tec 12 9 345 H/A ] 2.7% glese 500 263 i Traveling charge,
27.8% %, 35T W,CLO,, 13.9% AL, Adapcer blown nff. Plusme interfered
Lec 14 9 4.0 N/A 3 2.7% gl 550 L2425 370 4« .80 ] with trace. Black powder on rab
27.8% NC, 551 M,CLOG, 13.9% AL, Adapter a11d back 1 inch
nec 14 | 3600 9 w15 N/A 3 2.7% glass 448 242 |29 46 50 | Black powder on tab.
27.8% NC, 557 MH,CLO,, 13.9% AL, Adapter alld back 2. Plasms tnterferad
De: 18 3 “.75 na 3 2.7% glase 487 243 324 W .80 | with crace. Tab not broken off
27.8% NC, 551 MH,CLO,, 13.9% AL, Plasws (nterferad with trece.
fec 18 3,75 N/A 3 2.7% glass 489 243 353 ] .60 | Adapeer #11d off.
Iravalion charss
27.87 %G, 5% MH,CLD,, 13.9% AL h.:y;:m. I;(: l?:‘rd searion Tube dia
Cec 18 9 4.5 nA 3 2.7 glass 472 L2642 357 not fire. Travellng cher
27,80 NC, S5% MH,CLO4, 13.91 Al, :“";l:""?"“ vieh e
0e: 19 9 w3 N/A 3 2.7 glass 468 262 S35 47 7 vaveling charge
27.8% KC, $5% WH,CLO,, 13.9% AL, Adapter 5114 back ) inches. Very slow
&- 19 1o 4.2 N/A 3 2.7 glass 340 L2461 .205 0 90 shot. Stvaight lines on scope
27.8% WC, S5% MH,CLO,, 13.9% AL, T0 feet tube
tec 19 | 3200 9 L nA 3 2.7% glass .481 243 w2 22 40 | Tube was warm,
Ik foupd im ghell cave,
27.8% NC, 5% NH,CLO,, 13.9% AY, Tube slid forward 34 inches
Jan 8 | 6200 7 .25 N/A “ 2.7% glams 498 .243 % 8 60 | Treveling cherge.
17.8% NC, $5% MH,CLO,, 13.9% Al, Mo reading. Projectile hic blast
Jar % 7 7.0 N/A 4 2.7% glass 498 L2462 379 deflector. Treveling charge.

5520 27.8% NC, $5% MHLCLO,, 11.9% Al, Tab penetrated 15 layers. Profertiic
len K ab yel 8.2y N/A “ 2.7 g 664 462 .34 15 hit blest defluctor. Adepter blown of €
ept 2] Holes 1n paper bul projectile apparently
X113 1 /¢ pullied down tuhe by vecuim
eyt 27 B 1/de1 Prafectile pulled down tubes by vacuom
beor % 5.5 1/4=1 5] Papera braken but no veloctcy
Sepe 28 anls 1o 1/d=1 19
sene 28 | 4523 5.8 17d=1 18
Jepe 28 L) 17d4=1 18 Scape falled Lo trigger
Sept 28 5 1/ds1 18 Scope falled to trigger.
nee 28 Papecs broken by blust. Projectile
1ise s azs | an apparently pulled down by vacuum,

Jun 23 No vecuum. No velocity recorded.
Yont .120 .15 4 To clestr previous )ined shot.
tan 23 f129s 1208 | ae 5 Mo vacuum. To clear previous shot
Jan 25 fetrs 4 1 120 To clear previous shot.
len 25 | 390 Po vacuum.
sctiloscope did trigger but no valocity
K11 stacione broken.
april 27 1 lar_shot {n bew Lsb
Aprt) 28 1 Sulenald found o be triggerning
april 28] 5000 10.3
anri) 28] 400 1 Dashed scope pattern
Now 28
1 7% 4000 126 120
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SUMMARY OF RESULTS CONTIMJED

TANK COATING BASE PROPELLANT [PROJECTILE SPECIFICATIONS| PENETRATION COMMENTS
DALE VEL PRESS | THICENESS | cOAT
A
fpn L] wils
COATS LENGTH | DIA mass  fuavers | oo1a
in in P in
Srcond statton did not indicate
Sept 29 4hhd 5.3 .12 .21 16 velotity hased on lst & Jrd stetions.
Sept 30 | 4250 “ .128 L1 18
Dec 1
1966 350 “ L113 L1205
e 1 4400 « 135 | azes
Dec 5 | s0s0 « 120 120 1PL-10
Dec 5 | 4918 134 120 1PL-14
Jan 25 To clear lined shot
1967 u 1205 14 Only ler paper broken
May ) 3000 10 L1113 117 .02
May 4 10 17 13 L022 Did not trigger.
May & o 1125 L114s .02 Triggerad but did not record
Triggered but did not record.
Yoy S 17 113 Slow lesk in gun Slscovered.
Fay 8 0 1ns 17 01) Trigiered but no velaclty
ray 8 116 16 .022 Trigrered bt me velactty
TTa - triggered, 3rd statlon papet
Way s 13 hroken and riace resembles a dis-
charming caplcstur,
Ho cleatr break .n third atation.
Moy b W0u " 2z 17 023 Velootty caleulated on 5 se. tion
May % 1o 16 L1165 | .o21 “wope rTiggerad hut oo velocity.
May 10 X 114 116 .02 Scupe triggerad but na velocity
May 10 116 17 022 Scope triggered but no velocity
Hay 1 116 17 .021 Scope triggered but no velactty
May 1t 10 s 15 n22 tcope triggered but no velocity
Hay 11 n 7 115 023 Scope triggered but no velocity
Scope triggersd but no velocity.
Fay 16 3 s 1164 020 Paper taped tn front of tube to Latch
3aie blaar
Paper taped Tn Tront of tabe to
May 3380 9.5 17 a1 | oLo20 catch blast.
o inCrnasa awees agced
Vor bt L) I s 13 .02 Paper hung ahead of tube to catch blast
N paper shead of tube. Appears to
rar s 118 17 .ozt have triggered on 2nd statton
May it ahnn i 14 17 .02 Sueep speed tna wlow for accuracy
Paper ahead of tube
May i 10 s | Loz20s N> velacity recorded
Puy 17 7 o 116 1ns 018 Heavy paper shead of tube,
Tapered tail plua used.
Fay 30| 9000 %% 1t6 116 1.5 New mcope, nld cemerd used.
Hay 10 A0 9.5 121 17 023 Nev scope old camara,
May 31 Wb i 121 17 0188
e a0 in 118 B3 .021 lear out 1ined ahot.
¥ um in e S 0y
o K Y S0 1 Triugared but o velactiy
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SUMMARY OF RESULTS CONTINUED

TANK | COATING BASE PROPELLANT PROJECTILE SPECIFICATIONS| PENETRATION POMMFNTS
VAT VL PREC . | THICPNESS | COAT
b3
™ - mlis COATS LK:‘CTH DIA MASS LAYERS Dra
n in &0 Ln
[ETe— 1 ns 1 n21 TiiRkeTed but mo v loddty
[ e 115 17 oth
leat tor weloctly out of adapters
L 1y 116 118 G208 1 Iriggered But mo velodiy
Plug damaged vecry muh
T 1t bialy i 124 114 [sp2Y 2 #allistic paper oat - Al etrip nwed
Adapias raas
Adapter toast
sl N o 125 1na I 1 Aluminum atrip used
e 1ad R " 3] g na 15 Adapter teat. Al airlp used
sme 19 | v 129 118 021 Adespter Test  Ird atat
Stratn gauges umed
June 109 12 NI BT Veloctty can net be recardsd
ity k 7 14 s 017 { 15 Scopr triggered but mo veluiity
iy & e s 014 Seope triggered bt nn ovelin try
[ 22 106 113 L014Y Seopw triggered but no velacicy
d— b} —
[T 120 1N .16 protrigkered but noovelo ity
Siiy k 124 18 020 Trd mtation hit, paper wat broken,
Hit tank dion, ne 00ouk badkstop
; 5 109 13 L0158 Trlggered dur e vete Lty
s o “rv 098 13 o12: {3
gl i 121 1y [ Iy Triggered but no ovelecioy
ot L1nG tiz L0134 Drlpge:ed but oo velos ity
s , 098 0z 26 Tilgs el but ne vty
Tiented
P u 147 pan atus donly
‘ Coanter Dvst
P ETTN 140 1R 02un 20 SATATN RAUges LR Li FEUHRED By e
e 1 145 118 023 Stradn gauke €1 tuper
No projectiie
[N " Strain gauge test
N pratectiie
ey i Nerain gaupe teat
BV TS 1 122 109 0174 learing shut
Straln gauge talled to trigger
vy oo | e . 116 114 020 9 et station did
Alb
AT D - 213 L2641 1948
FETRN IRTETS “ s boL2as 01835 | ALt Profrctile from last shot used
e | en » 269 2605 | L1sn1 Brojectile from last shot used
e " FIRTIN I IN) 175
Penerration of all compressed .0
I " 188 1 116) + 15 expanded layers.
Cenke oo back of projecitle
epr e b n 195 L2410 1212 ALl compressed HC ¢ 14 layer expanded
IR SRTPE “ L268 2405 1387
. Al . 216 L2 18

215
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SUMMARY OF RESULTS CONTINUED

Tk | coATiRG BASE FROPELLANT PROJECTILE SPECLFICATIONS| FENETRATION COMMENTS
e v PRES | THICKNESS | COAT X
fre - mile Lencth | pia MASS  [LAYERS | pIa
COATY tn in BT in
o da ] s 1o 184 .238 1143
R s .209 263 1236 ¥ adapter test
Y adapter test
gt 2 [ a5 | 22 .1500 Triggered, no veloctry
epr 2n | vHe » 244 .260 L1500 Adspter teat
wpr 21 | i - 242 239 rags Inacrumenc tesc
et Janin 13 232 .263 1522 Unlined, to clear var tube.
Y
e 10| counted 13 252 2635 | s
TR BT 1 23 L2403 s
Blast deflactar plate wond
e as | oven " .187 L243 1168 Tt had evidence of blast an it
0
nog 1 1150 K 130 s 05 | 10 Twi %' tubes
ik
w1 """‘ I 124 uss | oo ) ove v 5" cubes
nt
v
[IPRTEN IRTY I I 23 e owns 10 Alamioum prageceile
Cor e 4 208 241 2 | 2
o Ne o tah. Teb on pretectile miasing
e s i 492 L2643 IPE Wl Nt partiilra foued In HU, me hu-ning,
slicascd
EELEN
o T - .262 262 R e | therk scope
-
No reading, loud noise, unusus!
[ . 263 .263 17 | e 375 | for unlined tube
P Iy 653 L2413 L3030 51 Strain pauge teat.
., N 525 L% . 160 10 Strain gauge test
o ¢ L2627 L34l L1R7 bR Check scope
N v . 268 L2a? 14y 24 11 {eet tube
R ' i7.62 NC, 47.6% BK powder, 4757 Al var R H
I 1 I 5 AL, T KC 1 RIL .022
[ i B : L7.RL NG, 47.57 Bk powder, 4.76% Al 1o tits | Lo1as Flat
o 4 " M7 Nitro-Mek, 30% Al 1% s 021 1%
[ETINTT 1 . AT ONC, 207 AL ) Y 028 | 18
-
o B NG, T3 AL 136 e £
oo | e o [ 1 Niteo, Ik powder e s 073 | 1
o | emon " s WAL, 207 Miteo-Mek oy 8 L020
[EEFITIN R . | ) TIUNC, 230 AL 140 185 | .0vm
[ ) 1 y JoNe, T M RED 18y | .o2zm | 12
I
[T P v 1o 4 772 NC, 1T AL 136 1es | o238 | 1e
Ly 21 | anoe 1% 1 2 7% e, 2T AL 1z 185§ 0233 | 1e
P Lo " i “ 17 NG, 23T Al 124 19 sy {1
[N 1 " 1 ] JIT NG, 2YL Al L1184 238 TE4d
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SUMMARY OF RESULTS CONT(NUED

TANK COATING BASE PROPELLANT PROJECTILE SPECIFICATIONS | PENETRATION COMMENTS
NATE VEL PRESS THICKNESS COAT
A
LENGTH DIA MASS LAYERS DIA
tos e mils DATS in in 8t in
— -
pr 20| 898 A s 5 7L NC, 23T AL 229 2425 1war |2
L]
he 517 w 1 90% M.E.K., 10% NC 116 116 19
e 3
1366 6000 L 1as ) 90% W.E.K., 10L NC 129 116 1%
Per 3
1466 6000 PN 1 2 907 M.E.K., 10% MC 130 7
el s
1766 Wt ) $0% M.E.X., 10% NC 1165 129
o it LUMY
KIS s120 1 “ 90% M.E.X., 10% NC 128 176
weah
e i ) 3 90% M.E.K., 10% NC 125 an
May 3 A ' 5 90% M.E K., 10% NC 24 Sz
[RPTDI aPEe v s 912 HC, 9% AL 103 116 07
Jne s Vi s 91% NG, 9% Al 116 118 022
ane 6| kit E B ' 91% NC, 9% Al 146 18 624 Tapered moae
Lame 5 b owegn ) ! NN, 97 AL 130 118 n2s Tapered nome
[ e 4 i w1 NG, 9% Al an IR 0262 Tapared nose
b-- —~4— — 4 i 0
1A% WG, 47,67 Blk poader,
- 10 t Woinn Al 143 118 025
T s o s 47.6% BC, 47,6% Bl powder, 4761 A1 am 7 023
S — + — —_
.t .'\ 1 1 47.6% NG, 47.6% Blk powder, &.76% Al 119 1195 022 Flat
P I 1 47.6% FC, 47.6% Blk powder, 6. 76% Al 150 116 023
A ’ to ) 77 NG, 27 Al 165 1185 026 i
s
T ‘ ' 14 H TRONC, 23 Al 120 17 L018s | an Ter 17 tubes
b 8 i t I owe, 23 A S 18s | a2 | om0 Tew 57 tubes
. : la i Gn 5% NG, 46.4T Petn. L1581 .18 0247
, o i : ia t AkHE NG, 26.7% Petn. 26.7% glaas 128 s oty | 2 Pellet broke up
Tn 7% RC, 1610 AL, SR KGLO3. NyTom,atenl witen  Pellet tocvered
por s Jam 4 7 I i Vh klana 142 18 o5 | 2 without wires
— PRV CTVT W STV W TRV T O —
} VAT N, T6LTT AT, SO KCLD4, 14 7% glam
[ Ay ’ ‘ In 3 1%.8% NC, Be 2T MK 118 18 0409 Al prafecOlbe tecoversd . Dented B
' IH.TN BC, V6.7 AL, SML KCLDy, 16 7% glan Plexiplasn profec il Many holve fn Iid
sk s y ' Va i 1% BY NC, B4 2% HER ) statfon. Projactile oot found  Lod
RIC) e oes | 2 )
Plextglons,  Only Urash lde bet wf 4 lon
Cas aH A L M 1 1670 MG, 16.7T AL, SOL KGLO4, 16, 7% glanq 123 te o Tube did oot burn fully
Cap 1M I n 1 P3N, 29T KOy, 250 ylans, 1203 AL [ 120 18 w195 |3 Al projeciiic  Masw after=.030%
gl
o # I 1 HPCNG, WP KOG, 200 glans, 0L AL 24 18 L0 Al profectile nut Lound
v
N TN Ia 1 JONC, 0L KCLD . 20% glass, 0T Al 147 Rt o | rud repart, burned clea
Tuminum.  Melted Al blob found
(e 12 . Ta t 200 MC, 0% KCLOy, 20% glass, 0% Al 29 nz 0163 puld be projectile
o HyTon, aluminum tah, +imes's glue held
e together hoth recovered. nyl. n ondamaged
Vg 540 i : a | 207 MC, I0T KCLO;, 20% glase, 0% Al 136 18 on i Al melted AL garl Lel. 38 i
|
FRVERN TR ‘ 2a ' 20% W, WL KCLO3, 207% gless, 107 Al BRIt "s KT R K 1PE-00 Plug coated whth N wnd glass
tubes.  2nd tube wid et frre
S i | e " ; e ' VA1 NG, 16.7% AL, SO% KCLD |, 16.7% glase 113 T8 018 d HC only
- - . ] T on 6 Wives 1 W2 vithou! wiren b= 172
@ PNLTL MG, 16077 AL, S0 KCIOG. 16,77 wisd we %' tubwa. Lt tube parclally fieed
NP LA R I “« 1 VRL N, R4 2% HFK 14 B f2nd tube Lre




SUMMARY OF RESULTS CONTINUED

TANK COATING BASE FROPELLANT PROJECTILL SPECIFICATIONS|  PENETKATION COMMENTS
DATH VHE PRESS THTLENRLSS OAT
tps = mis
COATS LENGTH | DIa MASS | LAYERS BIA
in in g tn
Al prutectile nut found. Mid mat ket
g 42 3 3 a 130 1185 | Louss drd meacion. 2od tube d1d ot fire,
int fube £ized goly
" nter . n 2 257 NC, T5% KLy 116 14 [ER N Y Rlast probably triggered acapr
[TV PO " 1 1a 2 25% N2, 157 KOOy e SH) .02 i
) s (e 1 T ' 0% NG, 707 KCHO3, 10% € e 17s 0181 | Denred Leud, dented HC only
N ] ’ . ta ' 2% NC, 107 KCLO3. 10% € 1ss RIT) $251 | fented loud, dented HE anly
T W OKC, 60.9% KCLOY, 5.71% ZnD,
sy 7 : la i i9.915% Sand 13 18 niaz [ITeT
T4 3 NC, 60.9% KCLO,, 5.71% ZnO,
bk 7 . la 2 19.09% Sand 13 BULD 0454 Alumtnur
—d
a7 Y4 9N NC, BU.9% KCLOY, 5 T1R Za0),
b A [ 20w # . o v 19.05% Sand 129 18 o | 1 BarkE L, fulbe d1AB™1 burn ompl ey
TeL-Th Prote nade did aan hic brd
B 2w 2a 1 L. % NC, 609 KCLOY, 5.70% Zoo, 123 tia L0k station  Found in botcom of tank
19,05% Sand Nose & hack comted with nout
B3 5% KNO3, 16.5% ¢, 4 15 Elmer n Glue,
NPT RAR o [H ) 14.59 Hp0, 4 Methyl Tellulowe 108 114 Man | 1w
Lt o s ¢ 5.6% Kimer‘s Glue, 81.%% KNy, .
4 VHUS Ky0, 1BSL ¢, 13 Dextrin 12 -2 nes o
Ny TR S e 3 1 445 Elmer®e Glue, BY.5% KNOy, 14,99 W30, | j.0 112 e 17
1h.5% €, 4 Methyl Cellulone
9,65 Flmer's tilue, 8).53% KNO 18,15 H,0
o o, 4 . 3. 20, . .
Ay IR 4 ! 2 ! YA.5C, 13 Dextrin e 1 S
s VY Mitea, 67% al, N
IENER FLE n H LA 79 KNOG, 9.75C, 2.5 5 126 e 8]
[ LN LR It Fl b 2 74,97 )(Nﬂ], 14.95% ¢, 9.97% § 134 L1119 Qlat [
Doy 01 | wnon 8 2 iy t 76.9% KNOy, 15.95% C, 9.97% § 136 .19 L02a6 11
o e » ' 95.9% NN NGy, 6 7% AL, 1 Elmer's Glue, 126 ns oy |
1 H20
sag e 4 P 1a 507 RC, 50% Lead Aride, 8 HEK a6y ne 0203 |19
R " g y T & AFCRC, 1 it lea Gel, 500 Lead Azide PETE] L2l Lale 75
r + i [ 4 1 Hlak pranter amp Glne 1n? 114 ne Mube did not {gnite
| G763 N, NLTBL AT, 47.6% Blk powder,
thy w ® | TR IS e iz
| 0T Miren, B2SL Gun Powder, 6.3% A)
Lty i i | [ 14b Lis KRN IR T R TR
L . s v ShE MLt 0L Gun Powder, 8 MEK 1és 17 0y I
vy . [ 1 ST Mirtre, 507 Gan Pouder 119 14 0tT4 1N
i [ i PR AN (VI PR YRV U L O s 2 N | 126 ni 2
. . . . 22T KGLOY, 59.6% N, 16,2 A) 12 "7 .02
PP FPEY . 1 10NC, VI Gun Bosaler, 390 KELO, 122 1ias .02
[FTN Y i i = ’ VIONC, VI KDHY, MST Gun Powder o Ty a5y fiy
TR o0 : W RLSE, S KELOY 12y Trhs [IETI. NTY
SIVUNC, L6 SLRILOY, 27 1% 0, 11T glaes
th ' ' ia MOVT W, ar AL, AT Glase 16e7 202 NET)
- 75 ki WO, 5077 KCLDy, LT T2 AL 6 &V, %1, ALY Hr
it , 250 ONEL IVLETIO G, K2O9h AL, 29T glaws 185 inin cree |20
ST R " . e n 3bear 12,50 ¢
SVLNG, 2V OKRCLO G, 25T glase, 12,57 AL, N R
IENTI [ I : PIONCL 26 A Teout iy 241 RELT 8
I Iy T KL Alomt 4 ol bube wam coared ro bt e
. v i i 25N ML INT RGO Win 24 RF Ihat balf to have oo propel b v el
- 4 4 L2 Mo Ji AL able whun oruicetile jg poving foato)
P, ! EONC R Y RCTL, 1A B AL ik pIATS 19K Chstactw Wlowa 0 Ten atarom
o | [P D2 TR R0 B T
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UMMARY OF RESULTS CONTINUED

Atk AL i HALE PROPFLLANT PROJES TIZE SPECIFICATTING PENETRATION L OMMENL
o o vl e on
7.
. 1LFENCTH nra MAS LAYE§: (R}
o o LI s n tn rr tn
| 42.9% NG, 42.9% KCLOy, M43T AT At Blows o
pprodh i 1. I Th 3% NC, 71.4% KNOy, 16.3% Al 525 LT T4ad It mtarton hloan ol Very 1ond
o
Viw “""“ W L I 1 355 ONC, 3 OKCLO(, 1h.7% AL, 16 7% ¢ 20 1H A Kun e protectile
artes
s Alumbnim bawe onnvion head
B 4 EIH. i L LA 3 257 KU, IO KOLOG, 257 A1, 292 plass 120 119 REVE} 3¢) helon niy reoverrd
16,75 8, 16.T% AL, SO% KC1O4y, Al proferile
_— . ) I | 6% glass ™ e ek Gy it sratien hroken
Teofectile o Iei vered
TATLONC, 16T AT, SO KCLO,, A1 hase ononyian head
NI ¥ I in 1 ST glans et i EETS Uily it oaration hroken
VA7 NG, TH TR AL, SO KCLO
N I I | L 7% Riass 148 iy (88} B
1o, 70N, 170 AL, SO% KCLOy,
P | i ! 1.7 glass S14 L1185 [IREAS . Very alvw
Lo 2LRCL LB TR AL, SO KOO,
i & k] i 1b 73 glass iad S118s nise
h1 NG, IR AL, 0T KOO, Faolectide faund in tube, 1%' down tube
W . : La 1 14 2% plass 135 R [ Nylon ok, Alumfoum gone
Alyzinup bege with Nylvp head
Te 2LONC, 50 KULO, V6UTL glass, Nyt head, seeet 1as
v [ L 1627 AL b 1185 H3ae Feodectibe not 1o
1 " €, ST KCLO Y TR T ghane, 1. T8 Al
" Ia / NLoRA 107 1S " xtglans prow tii
_ . . — RS S - —-
L o TREONC, SLY NN (10, , 147 Al Miss ot prajectile b
| i W | ¢ W glane ) 4Ry 242 ik N S B T P o
DNGL SR AL 20K
[ " in . ol 507 s Kok breed. Stimt gage
b . i no NA “ [ PO P M Y P BT 505 e I Jer e hin lpen Tlet o riat
PP -——
suny
T 1 o Wia “ N2 NI, 5 AL, L gl 508 I Rk fored raln g
A — - - J—
20
B " Sia 1 LNC, 2 NHCEN S AL, sbasy e FE Ihe Mk Lired. SULatn cape
2094
b HAA ¥ 1N, 2 NH/('IAW‘4 S AL, 1 giawn 520 FEPS ML Bk Floed Stran gage
v . A . i [ K PN 2 NHELO,, 5 AT, L] giase 794 240 e ‘tealn page
Ll b h
Y Strmfn gage. Frofecrile hit nlamt
: . - nea ¥ TNC, LN CLO, % AL, 1 alasa 812 242 it detlester
-2on P fle i third
. . : Nia ENDLos NHCLOL 5 AL, L1 glams 527 se frey propectlie Wi third stecivn
- 5" Lirain gage
o BN
b i ’u I N L NG, 2 NHCLO,, .5 AL, .1 glass 530 24t 6% Qent in &7 plate  Strace page
N P . Tube d1d nat frre
1 ‘ R " 1 Sk / 1N, 2 NH’A.I.U“, 5 AL, 1 glawa .50% $h2 174 Straln gage
LHie
Fov e ' NiA “ LoW, 2 NHLCLD,, 5 AL, 1 glass 52l 267 VhH Strafn gage
2184 Pritectiie hit blans deflect
[ (1 3 EA i 1ose, 2 N“‘LH]'A‘ w24 L 241 151 Strain gege
193 Peogecrile hir blast defle.tor
1o D “ ren 1N, 525 %1 3z “train page
W RELN
Folop it 7 i np . EERLTEE 417 Y 337 1 2% A train gage.
1917
[T 0 “ finl Lned 453 263 338 Stratn gage.
kon 26 i, Il Unltned 272 242 BLE Stratn gaye.
voze | Uniined 268 263 .200 Streln gege
162/
RPN R " P NIA 3 LHC, LW GO, S AL L glams 370 241 198 | 0 5 Straln gave
R3]
P v “ NiA " PN CLO L 5 AT, 0 glaas 513 247 s ja Slow
-— 4
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DATY, VEL TANK COAT- NO OF PRAPELIANT Z:ZII:'LLI;:'; s PENEYRAFEON |1:‘1"4:y :t:;?:\ SHOPE E!VI._':'&‘ A::"‘,:V'“ COMNENT R
PRESS 1 COMPASTTION . N : e [ ACES
foa_Jaa  JoreTH ) coars LENG JDIA [MASS 1, pyy  [ULA o B SLLE RS R
March 22 2870 4 3.9 ) 1MC,2NH,C10y,.3AL, .10 L4035 |.243].183 28L ———— Flapper caught
383 blase,
Harch 29 ---- £ 10 4.0 3 INC, INK,C10, . 3A1, .16 307 ].243].192 { --- ---- Projectile hit
.349 flapper valve
March 23 2650 | 12 —— - Unlined .327 | .263].189 | 32L 14
326
March 29 2920 | 11 .- - Unlined L2062 | .262 .11 L .400
March 26 - | 16 3.0 3 INC,2¥W,C104, ,3AL, .1G ~eee daead 198 | 29L ===
388
March 27 fo-em | 18 6.0 | 3 Jinc,2m,c10,, .5A1, .10 524 243} 186 | ---  |aee- Projectile re-
351 varsed direaction
and cems cut of
breech
April 2 3800 § 11 5.0 3 1NO, 2HH,C10,, .3A1,.16 R4 1 L2421 .192 19 .78
7T
Moril 2 6200 | 19 4.9 4 INC, 2MH, C10,, .3AL, .10 W24 ] 24y L 13 .35
.373
April 18 -1 23 2.3 3 INC, 2NH(CLO,, .SAL, .1G L5097 .24y 197 | 261 23T Tube »lid forward
402 thres iaches,
Aptil 18 1979 .- ~—- ) 1Mc, 1.3 X J541F .24 ,190 an .75
April 19 g -- 4.0 1 INC, .30
2 INC, 1,3 ADX JS42) L24Y ----} 29L 379
2 1NC, .3 0
April 1% 70 | 12 4.9 H 1NC, .3¢
1 INC, 1.5 X ,5401 264 ,187 8L .25¢
1 INC, .3 G RiH
April 19 3300 | 14 3.0 1 1NC, .30 Tubs blown
3 INC, 1.5 RDX .360| ,24% .198] 6L 30 forward thres in.
568
April 34 4 1 50 18 2.0 4 INC, BA .498]. 2029 .182 3L
312
April 23 4600 9 1.0 4 1NC 3471244 ) L1390 WL
YY)
Apsil 23 4150 | ~- 2,25| 4 1NC J347(.244 7,190 L
K1}
April 27 3300 11 3.3 4 1HC, 1 MDX .529).242 | .18) 251 1.0
a7
Aprtld 27 }e800 1 12 3.3 4 LINC, 1 RDX .5291.243{ ,196] JIL .25
337
April X 4976 | 11 1.0 4 INC, .03 Al .320].243) .192 3L
.172
May 1 5183 10 3.5 L} INC, ) &DX, .10 L5071.243) 1195 0L . %0
.17
May 3 3600 ? 1.0 ] ANC, 1 RDX,.)0 .361) 2621 187 3L . 50
377]
May & psbl | L3 2.3 1 hNC, 3AL L84
2 HNC, 1 RDX RS T! TN Y S X TP § 22
Hay 7 ores |17 1.3 | &« puc, w1, .30 saif 243) as2) zen |30
428
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. " PROTECTING PLRLIRA L TON Jeavn |osase  [<roey ut.T. AVE VET, COMMENTS
DATE. VEL  [TANK '—'l‘::)' Ko oF :(';‘:,"L‘I‘I‘:"" SUECLCALLLS wo | rwrss curss | gTWN
PRESS S IE ; ) s
ae_} om_ Juremv | coars D LA S Jovere AT e feosee |8 A
May 7 4130 ] 12 2.5 k) iNc, 3AL, .37 (5510 .29% 1771 L 375
£ 399 .
May 9 3500 § 17 1.0 4 INC, 3Al L3872 ].243f.191 | 26L .80
.61
May 1) 1400 (] 1.0 4 INC, AL .529 | .240}.176 | 261 18
K1}
Mey 19 5230 9 1.3 4 18C, 3A1 «337 1 .262],200 { 331 .0
393
tay 14 6300 e 4.0 4 1NC, 2NW,C10y,,.5AL, .SG .582 7.2421,197 | 33L 1.0
506
May 14 - [} 5.0 A INC, 2MH,C10y, .35Al, .3G 2322 ] (2462f-em | --- --- Tube was werm)
fired in fromtof
projectile.
Mey 17 S900 11 4.0 b ] LNC, ZNHC105, .5AL, .57 .520 | .243].189 oL .75
R131
May V7 3920 | -~ 3.3 3 LNC, 2NH,C10y, .3AL, .30 530 | 2430196 | 331 .88
ATy
Mey 20 6200 ] 14 3.0 1 INC, JAL 2613 ] (2431.192 ] s 375
3 Jiwc, 1 wpX, .10 .
May 20 4900 | 11 3.0 4 LNC, AL \632] 243,196 | 28L .50
609
May 21 15200 § 11 4.0 1 INC, 3A1, .10 Tenk blown back
3 INC, } RDX, .10 28124 .243]1.1931 --- --- one inch,
t  hnc, mm,clo4, .10 598
May 24 PGSJ 12 4.3 1 ;IC. 1, .56 196 | 19L .33
2 NC, LRDX, .50 JEONORY QN by i1
2 huc, 2wn C10,, .3A1, .1G
May 29 p700 3 13 4.0 1 iNC, Al 830 | L2441 ,196 | ~-- -
b ] ANC, 2NH,C10y, .3A1, .20 683
Juae & ko11 § 10 -— 1 QONC, 3Al B3} 243,194 230 LX)
2 finc, mm,C104, .31, .20 2
Juns & B340 { 16 1.3 1 poNC, Al
2 pNC, 2MA,C10;, ,3Al1, .2G 467§ L2430 .197 13 <375
3
June 3 Pmo 14 1.5 3 hnC, 2MH,C10y, .5A1, .20 467 .264% .188] 1L .05
L4046
June 3 p400 18 2.3 3 ANC, 2NW,C10,, .5Al, .10 483 241 A9 3L .43
424
JJuns & f--- ] 24 3 3 NC 2WH,CLO0,, ,5AL, .10 467} 244 202 - ]--- Hit flapper vslve
.42% Appsrently fired
ahead of projectih
Hune 12 Poc 23 3.3 3 NC, 2NH,C10,, ,5Al, .1GC 2348 (24X ,197 2L -
k66
Hune 19 1861 ] 26 3.0 3 NC, INHC10,, .3Al, .16 Lh62) 244 .186 18L .23
N3
Puae 19 3700 | 10 2,0 3 NC, 2NH,C10,, ,5AL, .10 368 .641 193 3N 50
X1
. .
Pune 20 2300 1 27 2.0 3 INC, 2NW,C10,, .3Al, .10 495] .24 ,199 0L .37
W87
bune 20 2450 | 14 3.0 |3 INC, 2MH.c1oys -3AL, .16 § 463 .244].200] 211, L328
a0
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. . N PROIFCY NG PENF IRATION REALC BASE AU A VLT, AVL, VP, COMMENT S
DATY. vEL - JTANK  JCOAT- | NO OF PROPELIANT SPECIFACALLVINS H wo | rress rares | e '
rress | 1w0 COMPOSTTIOR " -~ =1 et [ AES
tas | ea  Jurer | coats KNG JULA JRASS 1y mn Oy s ese feeossee | LoE
sune 21 Jasso} o 3.0 3 [inc, pmecio,, .sA1, .1c | .ees] .2a e | 3s 629
T340
June 29 ss0 | 10 3,75 | 3 |iwc, 2mc0,, (3AL, .10 | .10) .287 .190] oL | .e0
Ty
sme 27 J1003| 18 | 28 3 [iwc, 2mmcio,, .sm, .10 {461} 267,200} 191 | .30 Tube Cired
TS intermittently,
Jone 28 13220} o= f o= ] - Jontined NN YY) PN [ g
June 10 3002 | 1% -— - thniined VS BN TY. (U GeN -—
me 280|230} 12 s | & Jinc, mugcioy, sar,.16 | .aes| 242 .198) 26 | ---
72
July 4 100 | 16 | 3,58 3 lime, 2m,cr0,, (3A1, 16 ] 322) 244 197] 2L 373 Adapter blown off.
%
July § 1200 ] 11 3.0 | 3 [lime. zmgc10y, J3a1, .10 | o.a9s| .244 .209] 201
Y
My 3 1200 | -- .3 b 3 [inc, 2um,010,, .sa1, .20 | .ase] .2ed a79] 1
July o iw20] 8 [ao | - as0f 244 207| 21 s
X1
oty 8 s9%0) 1 a0 | & [wmc, 2emccio,, sar, a0 Josu |o2ed ez o g
443
iy ¥ s ] - [as | & Jime, 2egcro,, .sar, .10 |.400 | 243 | 25U f--
July 12 1300 § 11 3.3 1 g, emeer0, .3ab, .0 |[.soa | 244 204] --- -
Wit}
sy 12 Jaw] -- |- - 465 | 24 | -~ .78 '
miy1r Jors| 8 [as | & linc, mmcro,, sar, a0 [ldve | 249 189f --- ].75
458 LT
Jaay 19 =193 [as {3 [, vmeroy, a1, a0 |.s02 | 244 .090] 3 a7y a2 | - 1.67 7,500 Approxmate
380 2.50 p1,200 | sas0 velocity-
3700 ft./sea,
Jaly 21 [3998 ] - |38 | 3 [inc, amicrog.sar, 20 |usio faeafoaripoase j.so| 2o 0.20 500 | s180
443 0.5 | 4,200
niy2z 2ol 9 |3 |3 e, 2mgcron, .3a10 50 .26 as2] o |.e24 12 | s00 | o.2s |2,000
52 “8 0.80 [4.200 | 6240
Tty 23 fess | 13 fes |4 |iwc, zwnecroy, AL, a0 [0 Laa]agzr] s foard 1z - | 0.260 3,500 4680 | Part of projetile
401 (%] 0.66 4,200 shested off in tudbe
sy 13 3394 | 12 ls.0 | & liwc, am,cio,, .3a1, .16 | .e56 }.242] 180} 260 14 12 | - | 040 |s,200
3% 8 0.62 |s,000 | abs0

July 24 2518 12 4.73 k] inc, 2WM,C10,,.3A1, .1CG 468 | 244 L191] 21L W37y 12 300 0.23 4,200 4840

409 Iy 1.21 6,000
July 2% baze | 12 Ja.2s | 3 pwc, 20mcro,, J9a1, .16 {485 |.245] i} loc .14 12 {1000 0.22 |3,000
418 8 4,500 | 4680
aly 23 kaso | 14 |43 y  huc, 2iK,C10,, (SA1, .16 | 321 [L24z] .195] 260 sl 12 f-ee- 0.29 {6,000
.03 8 1,25 9,000 | maro
July 23 hoze | 13 feus 3 hNC, 2MmClo,, J3AL, .10 |.e93 [.244] .198] 2eL as| - feee- OO B - Adapter blown
4Bl oft

July 26 718 23 - - uUnlined .368 |.243) 195 9L s BRI Rl ---- Lt =-—-
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PROTECTTING PENEIPATTON FrAUE | OBASE SRR n.T . AV VPR, COMMENTA
DATS ver  |ramk |coat- | wO OF "m’;"x'&: SPRCIEAL NO PRESS FRYCS ATWN
paess | [0 coMros N : TR RLE - . N : AUCES
oo Lom OEPTH } COATS. LENG JULA MASS 1ieran gn psl <1 /BRC Lon
July 29 3361] 19 3.0 | -4 |inc, s .197 | 32, .80 12 - 0.37 3,500 | 3170
2 INC. 2NH,C10,, .3AL, .16 }a7s | 263 T%3% 48 0.73% 4,300
July 29 2340 ] 17 - - Unlinad 242 f282 | 190 ] 261 78y -- - - e
July 29 1297 | 760 - - Unlined 287 {243 | .199 [} — - - F P
July 29 1414 | 760 —— - Unlined 260 (.2421.1861 7L ) - - cemae femeen
auguet 1 J2037 | 30 s.0 3 NG, 2NH(CI0,, ,3AL, .16 |.&s0 246 {.213] 221 [.s0] 12 0.75 7,000 Plaswa reclosed
3k 1] 0.38 4840 Btation # 2
Aaguet L 1?7 4.0 1 |ec .21
INC, 2MM,C104, .3AL, .10 {.437 248 {7338} 2n |10} 12 1000 [0.27 3,000 [4680
48 0,78 8,000
August 1 1881 | 22 Uolined 434 242 |.29s| 2nm 378
391
S
Avguet 14 39201 13 4.0 3 INC, 2KC10y, .5AY, .1C 498 |.249).214] 26L J1.0] 12 [1,000 |O.30 7,000 Stratn gauge
389 48 48 not working
soguet 14 favzo | 11 4,0 1 NG 497 J248 . 2130 260 a0 212 250 0.36 3,000 [3000
3 INC, 2KCLO;, .5Al, .10 3% 48 6,500
Aogoet 19 [6033 | 13 4.0 4 1IN0, 2WH,C10,, .3A1, .10 J.e8s |249].213] 261 1.0
. 35
August 13 {6214 § 11 4.0 4 INC, 2KC10y, .3AL, 10 443 L2ag | a4l son fO.9
Asguet 16 392 § 12 4.0 & |INg, 2kC10y, J3A1, .1G aA8 L249 |.214| a0 Jo,9 | 22 500 0.31 500 4400
B 48 lr00 0.83 800
Rugust 1§ pI1OY T 14 Tined HIfd SN T -
[Auguer 19 R600 } 14 n1ined 242 {,190
S UUNIIS SESE—
Auguat 19 P33 ] 16 inlined 242 §.190
Jaugues 19 P67 | 14 Pnlined 242 |.1%
huguet 19 pése bnitoed 242 | .190 .
Auguse 20 po92 | 14 4.0 4 LNC, 2KCI0,, (5AL, .10 504 Jae9 f210) 28 .s62| 12 J,000 [0.36 «,000 .
39 48 300 {0.80 6,500 | 3360
buguet 21 j6L4 |14 4.0 3 NC, 2WH,C10,, .5A2, .10 |.486 1249 ].208).1 L318) 12 1.0 5,500 {6,000
504 48 1.9 8,000
hugust 21 }5%0 %] 3 knc, 2NHCLO,, .3AL, (10 |.489 |248} 212} .1 L8l 12 0,48 3,000
AT 12v 0.8
August 21 | 4842 ) 20 4.5 ) NC, 2WM,C10,, .3A1, .10 |.514 |.249 | ,203} .373 30 12 0.62 5,000
R} 48 0.78 8,300 |s,770
auguet 23 | 3270 ] 16 3 1 NC, 2KC10y, (5A1, .10 ,206 12 0.2% 3,200 | 4,840 | Black residus
1 NC, 2 Lead Azide 467 ATT| .20 .60 § 48 0.32 5,000 on stations 1 & 2
hogoet 23 [3227 116 1.0 f 2 b ;:“2';‘;:“' A0 | 477 |.2481 20 59 |eo| 12 632 |6,000 {4,200 | mlack restdue
¢ 3 Les . ’ 48 0.67 1,500 on stattons 1 & 2
huguet 23 | 861 14 “.0 3 INC, 1,8NH,C10y, .2x-304 |.437 }.249) .203 12 0.50 3,50 ]6,530 ] 8lack residue
J3AL %6 48 0.7% 6,000 on stations } b 3,
~F —t — B - o
% 2946 | 16 4.0 3 IMC, 2NH €10 , %A1, .10 1.%02 {.248] 211 12 0.60 3,300
puguet 33 ] » . 1 o8 0.68 9,000 6,350
%13 0.7%
—_ o - —_
aguet 29 PIse 117 4.0 A e w7 fLaas) a2 | ars |e26) 12 0<:1 ;.333 4,680
INC, 2KC10,, .3AL, .10 70 48 0.73 ’
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PHOIBCTENG PENFETRATION Jrauct | 8ASE  Jsrory UAM AVE VEL, COMMENTYS
DATE veL  |ramx ”;"’ M OF """”q':":" | SEEGIFICAL w0 | reess vakss | mm
PRESS G coMrnsITION " - .
LENG J LLA LHASS UIA . . PSI CAUCES
foa LEPTH | COATA Pl el vl LN AT rH 1 /88T P
Auguet 29 14 &0 1t NG .439 }.292].190 12 0.13 3,500 [4,000
M, 1,8, C10,, .2K-104 738 48 fh,200 |o.08 1,000
J9AL
auguet 30 fsal | 14 4.0 1 iNC A27 }.249],197 12 0.23 2,500 [3,360
1NC, 1.8NH,C10,, .2X-104 1] 0.88 6,000
AL
Auguet 30 17 4.0 1 1NC *
3 twc, 1.0, C10,, ,2X-104 L4310 ) 249f.203 | L2 625
3A N}
Saptosber 1 1% 4.0 2 1NC, 2XCLO,;, .SAl, .10 438 | . 249],206 | .23 623} 12 h,000 jo0,23 3,500  f4,400
INC, 1.8NH,C10,, .1X-104, 373 48 Ji,000 [o.78 5,000
. 3A1
Septewber 215948 | 13 4.0 2 1MC, 2KC104, .3A1, .10 437 |, 248f,204 | 23 .625) 12 250 0.3 2,500 |4,400
1 INC, 1.8 WH,C10y, .2X-104 K1z . 500 |0.80 4,300
.5
Septowber 4J6373 | 14 4.0 2 INC, 2MH,C10,, .3AL, .16 ] .426 | .249].201] .23 625 12 750 10.50 3,770
H INC, L.SNH,C10,, .3X-104, 369 48 1.67
.10
Septewber 3410 | 14 4.0 ] INC, 2KC10y, .3A1, ,10 414 | 249 28 L3798 12 0.08 4,300 [4,200
1 1HC, 3 Lead Axlde [ 0.36 4,000
1 INC, (3G ’
Septonber 5 {4043 3.5 2 INC, 2KC10;, .3A1, .1C 4381 129 A1
1 INC, ) Lead Axide
i INC, 10
September 6 K910 | 14 1.9 1 LNC, 2KC10y, .3A1, .10 452 | .249] 209 | .23 .50 | 12 0.22 4,000 4,200
1 INC, 1.5 NH,CRO,, .3 X-104 , 38 Y] 1.29 4,000
3AL,.10
1 INC, 2KC10y, 1X-104,.5A1, '
Septamber 8 1928 | 14 3.0 1 INC, 2KC10,, .3A 437 ] L2498 .501 12 0,10 3,000 4,500
2 INC, 2KC10;, 1X-104, a8 0,68 4,000
.Sal, .10
Beptember 9| 739 | 10 39 2 limc, 2xcr0y, J5AL 435 1,268 200 12 750 |0.23 3,000 536
1 INC, 2KC10;1X-104 21 Y] 0.40 4,000
J3AL, .10
Sapt, 10 3763 14 3.3 2 Nc, 2xC10y, LAl 503 .zq (191 .28 375
2 inc, 2xC105, 1X-104, 7
(SAL, .16
Sepe, 10 2003 14 3.3 2 IHC, 2KC10y, .5Al, ,1G 487 ) 249,204 12 0.38 3,500 6,550
2 INC, 2KC10,, 1X-104 37 48 0.91 4,500
(3AL, .16
Sepc, 11 1138 14 3.0 3 hnc, 26C10y, .3AL 446 | 244 196
hne, 1.8NH,CLOy, .2X-104, 430
WAL, .16
sept. 11 2] a4 3,28 JO 7Y 418|249 212) .28 6294 12 |1,000 p.s%o 500 |5,000
3 NG, 2KC10y, ,35AL 401 48 |11,000 §.43 800
2 INC, 1.8MH,C10,, .2X-164,
+3A1
sept, 12 6939 14 4.8 2 INC, 2NH,C10y, .5A), .10 73] g L 212] 25 1] 12 D, 51 630 4,410 Adapter elid
1 BNC, 1.BNH,C10y, ,2X-164, K1) ‘8 ) .95 900 back 1 inch,
AL, 10
Sepe, 12 3376 4.9 2 NC, 2NH,C10,, .5A), .10 Jebll 249 .212) .25 .62 12 D. 46 500
1 NC, 1,BNM,CLO,, .2X-164. RIE] 4B s00 p.n 950 |4,640
J3AL, .10 i2v p.7s
Bepc. 13 6306 § 14 4.0 3 NC, 2KC10y, .3AL 1%} .23 624 12 0.58 $,700 4,300
2 INC, 1.8NH,CLOy, .2X-164 | 438 {.249) 4B 1,28 6,500
AL, LG
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. _ PROJECT I NG PENEIRA L EON JOGARGH | BASY 518 juLt AVE YPL COMMENTS
DATE VEL :':::u ”l‘: o OF ::::':L'IJT‘:"T’N SCECIFLCALLG wo | rerss rRySS | BIVN
e Joien | coars Leno oia Juass Bioppy Juirt | ™0 Jogi Bypmee prst o oEt
sept. 13 J3012 .0 3 jiNc, 2kC1Dy, (3A1 428 | 248207 ) (125 | .3rs) 12 | 1s0 0.25 6,000 Blast chewber
1 |inc, 1.8mm,C10,, .2X-164, 330 48 | soo0 1.00 6,000 | 4,110 | blown back & {nches
J3A1, .10
sept. 16 6680 | 18 4.0 3 fiwc, 1.5 mox 450 ] .260] 207 .25 .62
2 [INc, L.8MH,Cl0,, .2X-164, N
L 5A1
sept. 17 [es0s | 14 [} 2 {imc, 2xCi0y, L3AL w39 ] .2a9 207 | L2s | Le2y] 12 0.15 |s,700 |s,000
3 |1NC, 1.8NHC10,, .2K-164 .395 a8 2.00 |s,000
.S
sept. 17 jetos | 14 4.0 2 |nc, xc10y, oM - a5 | 249 207 .23 |62y 12 {750 0.60 |3s,000 |3,360
3 |ise, 1.8y, cio,, .2x-184 7395 48 300 1.3 |8,000
LSAL
sept. 20 |eamr | ® 2.3 3 [iNc, 1.8WH,C10,, 2K-164 arr)oo2ad 212 L2 .62y 12 0.41 |s,000 Ja,670
.5 380 a8 1.1% 5,000
INC, 1.8MR,, C1O,, .2X-164
J3AL, .16
bept, 20 |ev22} 0o 3.3 3 |inc, 2 cr0,, L3A2 431 .24 ,200].125 . 379
INC, 2MMLC10u, L3AL, .2%- 38
164, .16
sept. 23 |6306 | 12 5.0 1 inc, 2MH,C104, .3AL a9 249 L218] L25 fezs D1d not
3 B trigger
INC, 20M €10 , .3AL,
L2%-164
sept, 23 juiwr ] 18 40 2 INC, INH,CLOy,.5A1 .4961.249] .213 12 No trace
3 |i~c, 2mgcro,, .31, 158 48 1.0 10,000 on M2,
L2X-164
sept. 24 |2120] 12 4.0 1 {ixc, 2mm,c20,, 730K, | a17].209] 19 12 (1,600 |0.18 6,400 {4,700
! S 368 48 1,20 8,000
INC, 1.7WM,C10,, .3X-164
.5
sept. 24 |20m3] 10 4.0 3 [inc, 2am,c10,, .73RDX, L466].269] 206 12 0.23 4,200
1 LSAL 58] 48 1.00 10,000 |4,700
3 JiNg, 1.7NH,CI0,, .3X-164,
L 3AL
Sept. 26 (6439 ] 11 4.0 3 Jiwc, am,cro,, %A1 a81].249] 218} .25 le2s] 12 ]1,600 | 0,40 8,000
1 |ine, 1.mmgcroy, Jx-164, 381 48 1.3 10,000 |3,000
L3A1
Bapt. 26 |[3100| 11 4.0 3 |inc, wmgcio,, .SAL .503 .249] .21 12 0.42 6,000 Trace tviggared
1 {ime, 1.7Mm,c100, LIX-164 vy 48 1,30 8,000 sarly
L5AL
bept. 37 i1 3.3 1 |k, 2xeioy, .31 411) . 248] 21 12 0.30 4,800 |5,000
2 [1Nc, 1KC10y, 2 Lesd Astide . a8 1.10 6,400
.16, .SAL,
L1X-164
Bept. 30 [1989 ] 12 5.0 2 |inc, 2xCi0 , LSAL L495] .249] 203 12 | 1,600 | 1.60 8,000 {6,230
3 INC, 1.8NH,C10,, .2K-164, a7 48 2.80 10,000
J3A
sepc. 30 f1a11 | 120 5.0 1 [Inc, 2K€10y, L SAL .59 L249] .21 12 1,600 | 3.00 |io,000 {6,800
3 JINC, 1.8WH,CLO,, .2X-164, 399 48 2.3 10,000
J3AL
Oatober 1 {2386 | 14 3. 1 e, xcio,, a0 514 249 211 12 0.66 3,000 |s,700
3 bime, 1.88,C20,, .2X-164, .39 «8 0.20 1,500
L3AL
October 1 |1021 ] 12 w15 | 1 [inc, 28m.Cl0,, LSAL 518 249 .1 AA Triggerad
INC, 1.8HH,CLO,,,2X-164 1 AA sorly
.51
October 173602 | 14 2.5 s |une, 1.omngcro,, .2x-164 | .s00f.248 }.216} 25 loarsf n2 Did nat
J3AL, .1 w07 8 0.50 6,400 trigger
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~ § PROIFCIING PENETRAYLON frAtGy LT, AVE ., VIL, COMMINTE
PATS, vEL  [tamx  JCOAT N OF PROPELLANT CECLELCAL 0 s N
FALSS 180 COMPOSITINN " ™ . | Aers
tan | um  Jurrmn ] coats VERG BIA wepiw fUEA ' 81 At
October 14} 6901 14 4,93 1 1NC, 1,8, CLO,, 2X-184, .483].248 .28 625 | A %o Date
JSAL, .10
Octobar 22§ 37731 20 4.9 1 i¥C N J439].240 128 1378 12 Triggared lats
(] INC, 1.8WH,C10,, .2X-184 LY ]
%A1, .10
Wov, 23 8430 L] 1,0 4 LNC, INW,C10y 430[.248 2173|623 | 14 3,300 Gauge #10%
32 4,800 did not work,
36 3,000 ,
103
Nov. 26 L 30 1 1nc +365].240 JLTYY 6,000 Gauge 1103
5 1NC, 2MH,C10, 32 8,000 d1d not work,
3 INC, 1¥H,C10y S6AA 16,000
103
Dec, ¢ ] 4.0 1 1N L5311 .141 JEYVY 10,000
7 | tng, nm,c10, 12 8,000 {3,000
S6AA 20,000
10% 4,000 6,000
Deo. 10 9782 v 3.5 1 Y. TH JSa2] .26 .375 L6251 14AA 16,000 14,600 #35 & 1103
1 1NC, 2WH,C10y S6AA 16,000 not ueed,
[} INC, 1NM,C10,, 1X-164
Dee. 16 5609 1] 3.0 1 NC 74201 2373 825] 14AA 16,000 |3,800 4103 was bad,
2 | 1nc,1.8mm,c00,,.2%-164, 32 8,000
J3A1, (10 S6AA 4,000 3,000
3 INC, INH,C10, 103
.
Des. 18 1 4.0 1 1KC .336] . 241 16AA $,000
3 INC, 3MH,C10y 32 16,000
s | e, amm cl0,, 12-164 S6AA 4,000
10% 10,000
Des. 20 1667 [] 3,8 4 NG .32
1 {inc, 1.8m010,, 2X-164 Data bad.
1¢
SAL,
1 fiwc, 1MLCL0,, 1X-164
Fob. 28 3226 2% 2.3 3 INC, ),8KNO;, 460 | (248 .25 ].373 Prassure gauges
1. 98164 not ueed.
March 3 1342 ? 1.0 S 4NC, 3.7X-164, .480 | .242 12 6,400 |6,000
11.3 K0, ] 4,000
Harch 10 1.5 k] INC, IMB164, IKNO, 2460 | 248 12 4,000 |5,300
Y} 4,000,
—t+
April 24 4400 ’ 5.0 1 NC 486 | 248 .25 A3 112 Did not trigger
1 | 3e0y, 3164, 1 PYC a8
April 24 4879 13 4.3 1 ne L337 | 242 .25 251 12 Did not erigger
2 | xnoy, 3ImS)6s, IPVC .8
Aprtl 23 50014 23 4.3 1 NC 487 | L 6d9 .29 L2151 12 . 11,000 14,200
1 IKNOy, IMB164, L1PVC 48 2 10,000
April 29 2300 11 6.0 1 NC .24 12 5.00 10,000 5,400
2 IKNOy, IMBLOG, 1PV L1] 3.00 13,000
April 2% 3800 | 15 3.5 1 3KNOy, IMBLGL, 1PVC 243 1444 2.00 6,000 | 3,000
32 2.00 6,000
April 30 4976 25 7.0 1 JKNOy, IMBl64, LPVC 24357 ,242 25 25|12 1.20 6,000 [ 4,200
A8 5.00 11,000
Mey ¢ 7 6.3 1 NC .24 12 .00 10,000 | 4,800
2 | 30;, IMBLE4, 1PVC 48 .00 14,000
Moy 13 1.0 1 N
1 [0, w8164, LpvC 643 | 24 12 3.00 5,000 | 4,300
48 .00 8,000




. ’ PROJECTING PENETRATION JGAUGE } BASE ‘§LOPE T. JAVE, VEL . COMMENTS
DATE vir. frank Jcoat- { xo of PROPELLANT ECIEICATLO oy R
PRFSS PRFSS BTWN
PRESS ING COMPOSITION c L N ™ s CALCES
fas vepTH | coats g Uiy imﬁ veetn  J93A *grst Jesisemc | PSI ALCES
21 May 3539 7 3 1 15% PVC 270 1.243f.359f .25 L 25 Nylon-spring proj.
42.5% MS164 Afterbody broke
42.5% l(NO3 off proj,
No press. developed
25 July 3349 11 S 2 15% PVC .6701.242 p.11 .75 25 Steel-spring proj.
42.5% MS164 Gages did not
42.5% I(NO3 trigger
29 July 3130} 6 5 2 152 PvC .6591.2401 745 .375 L3751 12 1000 5.0 8000 3000 [Spring~-Rivet proj.
42.5% MS164 48 1000 5.0 4000
42.5% KNO
3
30 July 45591 6 S 2 152 PVC +4511.2421) .360( .125 .25 12 1.0 5000 4000 [Traveling charge
42.5% MS164 48 1.2 5000 proj.
42.5% KNO
. 3
15 Aug. 6 4.5 2 10% PVC .650].242 ) .33 12 5.0 4000 5000 |[Nylon-spring proj.
45% MS 164 48 2.5 4000 Afterbody broke
45% KNO3 off proj.
Press. due to
shock front
21 Aug. 7 5.5 2 10% PVC .629).243] .539 12 500 1.5 8000 1400 Nylon-stud proj.
45% MS164 48 500 5.0 10,000 Afterbody broke
45 KNO off proj.
3
Press. due to
shock front
27 Aug. 9 4 1 102 PVC .548}.2401 .413 12 1.25 5000 2000 |Traveling charge
45 MS164 48 2.5 5000 proj.
45% I(N(.l3 Tube fire ahead
of proj.
29 Aug. 8 5.5 2 10% PVC .4521.242{ .550 12 1000 1.0 8000 Nylon-stud proj.
30% MS164 48 Afterbody broke
60% KN03 off proj.
5 Sept. 3739 9 4 2 10% pvC .65 1.242] .70 .25 1.0 Spring-Rivet proj.
30X MS164 Gages didnot trig-
60% 10103 ger
23 Sept. 6 4.5 2 10% PVC 6221 .242¢ .55 12 .33 2000 4400 |Spring-Rivet proj.
45% MS164 48 .20 2000 Proj. hit flapper
45% KNOJ valve
26 Sept. 3084 8 3 2 10Z PVC .677).242] .59 .375 . 375 12 0 0 Spring-Rivet proj.
45% MS164 48 22 1000
45% KNO
3
1 Oct 8 9 4 10% pvC «743).232] .60 Spring-Rivet proj.
45% MS164 Proj. hit flapper
45% l(.NO3 valve
Gages did not
trigger
3 Oct. 8 8 4 10% PVC .672] .232) .55 12 5.0 10,000 5550 |Spring-Rivet proj.
452 MS164 48 2.0 10,000 Proj. broke up.
452 l(NO3 Press. due to
shock front
14 Oct. 8 8 5 10% pvC .616] .232] 497 12 5.0 12,000 5550 |Spring-Rivet proj.
452 MS164 48 2.5 10,000 Proj. blown back
452 KI‘O3 Press. due to
shock front
16 Oct. 8 5.5 3 102 PVC .520 .237] .454 12 3.3 12,000 Spring-Rivet proj.
452 MS164 48 Proj. blown back
452 l(.NO3 Press. due to
shock front
17 Oce. 8 ? 4 10X PVC .60 .232) .40 12 3.3 8000 5500 |}Nylon-spring proj.
452 MS164 48 1.6 8000 Proj. head broke
452 l(.NO3 of f
Press. due to
shock front
27 Oce. 8 7.5 5 102 pvc .379 .23 .25 12 500 10.0 12,000 5000 Nylon-conical
452 MS164 48 2.5 10,000 base proj.
45% K)IO3 Proj. torn up, hit
flapper valve.
Tube fired ahead
after half way
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) N . PROJECTING PENEIRATION FGAUGY | BASE SLOPE LT. AVE . VEL, COMMENTS
DAT? VEL | TANK L(;:(T;- NO OF égﬁ:g:;“:‘w PECIFLGATL) N0 | PrFss PRESS | BTWN
PRESS T LENG | nia fMass pia b N ) oo, c1/sec | PSt Joaunes
fns DEPTH ) COATS wdin Xce JOEPTH 1Ty : N foa
29 Oct. 5384 9 9 5 |10x pvC .338).231 p218 .25 375 12 1000 5.0 10,000 | 4700 Nylon conical base
45% MS164 48 500 5.0 10,000 proj.
45% KNO3
10 Nov. 6 9 8 110% PVC No. proj. used.
45% MS164 Purpose was to
45% I(.NO3 measure shock
effect. Gages
did not trigger
shock vel. =3122
fps obtained
from vel.
station
11 Dec. 6 8.5 6 |10z PVC .468F.232 1,290 12 1.0 12,000 § 5500 Nylon-staple proj.
4S% MS164 48 1.0 10,000 Tubed fired ahead
45% l(.NlJ3
17 Dec. 6 10 9 | 10% PVC .613].231 ).415 12 1000 5.0 15,000 | 5550 Nylon-staple proj.
452 MS164 48 1000 5.0 10,000 Head broke of f
452 KNO proj.
3
Press. due to
shock front
19 Dec. [ 10 6 102 PVC .80 1.231}.685 12 1000 5.0 12,000 | 5500 Nylon-staple proj.
452 MS164 48 10,0 8,000 Tube fired ahead
45% I(NO3 Press. due to
shock front
7 Jan. [ 9 5 j1ox pvC .690].231].425 12 1000 4.25 | 15,000 } 6000 Nylon-staple proj.
45 MS164 48 1.25 10,000 Tube fired ahead
45% I(NO3 Press. due to
shock froat
22 Jan. 6 9 5 §10% PVC .498].231).348 12 1000 2.5 10,000 } 5500 Nylon-staple proj.
45% MS164 48 1.6 8,000 Tube fired ahead
45% KNO Press. due to
3
shock front
2 Feb. 6 10.5 8 g10% pvc .4831.227].322 12 1000 2.0 11,000 ] 5550 Nylon conical
452 MS164 48 1000 0.5 7,000 base proj.
45% l(NO3 Proj. blown back
Press. due to
shock front
10 Feb. ? 9 7 15% PVC .430).227).227 Nylon conical
42.5% MS164 base proj.
42.5% I(.NO3 Proj. blown back
24 Feb. 8 a 5 15% PVC «354),227].200 Nylon-conical
42.5% MS164 base proj.
42.5% I(NO3 Proj. broke up
Found {n Exp.
Chamber
5 May 8 S 5 15% PVC .480].239(.15 Nylon-conical
42.5% MS164 base proj.
42.5% KNO3 Proj. hit flapper
valve
11 May 5057 8 9.5 9 15% PVC .339].228}.22 .125 1375 Nylon-conical
42.5% MS164 base proj.
42.5% KNO Adapter blown off
Geop 427,3AL
18 May 4977 9 10 10 {152 PVC .595} .228].430 .375 1.50 Nylon-staple proj.
42.5% MS5164 Adapter blown off
42.5% KNO
Geon 427,7AL
22 May 8 10 9 Jisx pvC 567 .227].332 Nylon-staple proj.
42.5% MS164 Staple dia = ,237
42.5% KNO Adapter blown off
jGeon 427, AL
27 May 8 10 9 152 PVC .50 § .227}.305 Nylon-staple proj.
42.5% MS164 Staple dia = .238
42.5% I(NO3 Adapter blown off
Proj. hit flapper
valve
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40% Al

o ! . PROJECTING PENETRATION JGAUGYK | BASE  SLOPE JUuLT . VI VEL, COMMENTS
UATE e vy UI\;::I_ Ko o g:ﬂ:gi;‘?:},\ SPECLELCATIONS NO PRFSS PRFSS BTWN
PRESS ' ; 3 IN. . 0y CAURES
fps DEPTH | coATS LENG §DIA PASS Joppry fOIA PS si/sec | 78! o
5 June 13 11 11 }15% PVC .585 $227 §.373 Nylon-staple proj.
42.5% MS164 Staple dia = .238
42.5% KNO Adapter blown off
Geon 427, AL Proj. hit flapper
valve
13 Aug. 5037 10 10 12 j15% PVC 564 1,227 §322 .25 50 Nylon-staple proj.
- 42.5% MS164 Staple dia = ,239
42.5% KNO Adapter blown off
60% Geon ~427




